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SYNOPSIS
This thesis reports an investigation into the transformation of austenite during the second 
stage of tempering of a 1.86 % C experimental steel.
A survey of relevant literature relating to phases, phase transformation, heat treatment and 
tempering in steel is presented in Chapters 1 to 4.
Experimental work is presented in Chapters 5 to 7 and concerns the surface relief effects 
generated during the second stage, the characterisation of the carbide in the major product, 
the comparative effects of pre-existing martensite and bainite on the progress of the second 
stage and the habit plane of small platelets in the transformation product. The 
crystallographic properties of the products were studied using a combination of optical and 
transmission electron microscopy.
It was shown that the surface relief effects generated during the second stage of tempering 
probably display no geometric shape change that could be associated with a martensitic 
homogeneous shape strain, that the second stage temper product occurs at the interface 
between austenite and low carbon martensite and at the interface between austenite and 
bainite, that carbide in the product of the second stage was x-carbide in many 
crystallographic orientations and it formed directly from austenite so differentiating it from 
carbide in lower bainite, and that the habit planes of small platelets of temper product were 
near {225 }T while those of plates of original martensite in the same austenite grain were near
{259}y.
Based on these observations, it is suggested that the major decomposition product of the 
second stage is not lower bainite, the transformation of the second stage is probably fully
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Plain carbon steels may be quenched to a martensitic structure to increase the hardness and 
strength. As-quenched steels are brittle although very hard and therefore, tempering 
treatments are used to improve the toughness. Three stages of tempering are usually 
identified. The first stage of tempering consists of the formation of £-carbide and low 
carbon martensite from the martensite formed during quenching. For high carbon steel, the 
martensitic transformation finish temperature is below the ambient, so that the structure 
after quenching is a mixture of martensite and austenite. Decomposition of the austenite 
into ferrite and carbide occurs during the second stage of tempering. The third stage is 
associated with transition of the products of the first and second stages into cementite and 
ferrite.
Although the second stage of tempering has been the subject of numerous investigations, 
detailed knowledge about decomposition of the austenite is still incomplete. Arguments 
concern the mechanism of phase transformation and the transformation products, whether 
the decomposition process is a bainitic transformation, whether the product is a bainite, 
and what type of carbide forms during transformation.
The uncertainties associated with transformation during the second stage need further 
work to elucidate and clarify them. The present investigation was undertaken to obtain a 
more detailed understanding of the microstructural changes and to identify the nature of 
products of the second stage of tempering. The chief points of interest related to the 
surface relief effects generated during the second stage, the habit plane and identity of 
small platelets present in the transformation product, the comparative effects of pre­
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existing martensite and bainite on the progress of the second stage and the crystallographic 
properties of the products of the second stage, particularly the carbide. These aspects of 
the transformation were studied in quenched specimens of a 1.86 % C experimental steel 
using a combination of optical and transmission electron microscopy.
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2. HEAT TREATMENT OF STEEL
Materials are essential to all aspects of modem society and are exploited for their 
mechanical, physical, electrical, chemical, optical and other behavioural characteristics. 
Mechanical properties are particularly important in engineering applications and are 
strongly influenced by the microstructure and identity of the constituents and the 
proportion, distribution, and dispersion of those constituents.
In particular, steels are widely used today in applications ranging from ocean-going 
freighters to sewing needles, from very hard tool bits to highly plastic-extended tin-plated 
cans. Steel products are utilised very extensively because the alloy has a wide range of 
mechanical properties, and these properties can be controlled with great reliability by 
controlling the carbon concentration in the alloy and the heat treatment processing to 
produce the microstructure associated with required property values.
2.1 PHASES IN STEEL
Microstructural constituents of steel can be classified as single phase or two phase (1).
(a) Single phase constituents are austenite, ferrite, martensite and carbide.
Austenite is the face-centred-cubic (fee) y-iron solid solution with the lattice parameter of 
a = 357 pm (extrapolated to 20°C) and density of 8140 kgnr3. It is thermodynamically 
stable at temperatures above the eutectoid temperature and below the 5-ferrite and liquid 
fields. At a temperature of 723°C, the carbon solubility in austenite is 0.8 wt% being 32
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times that in ferrite (about 0.025 wt%). During slow cooling, the austenite decomposes to 
ferrite and carbides by a diffusional transformation. On rapid cooling, the diffusional 
transformation is suppressed and the austenite transforms to martensite by a diffusionless 
process in a temperature range from the martensite formation start temperature (Ms) to the 
martensite formation finish temperature (Mf). If a high carbon steel (C > 0.8 %) is 
quenched to room temperature, some of austenite will be retained due to Mf being below 
ambient temperature.
Ferrite or a-ferrite is body-centred-cubic (bcc) a-iron solid solution with lattice 
parameter a = 287 pm and density of 7870 kgnr3 containing a very low concentration of 
carbon (probably of the order of lx  10"12 at ambient temperature) (1). Pro-eutectoid ferrite 
forms below the critical temperature A3 during cooling of hypoeutectoid steel. If the 
cooling rate is low, grain boundary allotriomorphs of ferrite form by a diffusional 
transformation. If the cooling rate is high, Widmanstatten side plate ferrite forms from the 
austenitic grain boundaries extending into the grains by martensitic processes. Ferrite also 
forms from martensite and from retained austenite during tempering processes.
Another type of ferrite, 5-ferrite exists at temperatures above the stable austenite field and 
is derived from the high temperature polymorph of iron. A high austenitizing temperature 
in heat treatment may lead to the formation of 5-ferrite in steel. Any 5-ferrite present in an 
austenitised steel remains ferrite in the microstructure after martensitic transformation 
thereby depleting strength and toughness. On the other hand, 5-ferrite lowers the
susceptibility to hot cracking and improves weldability.
Martensite in carbon steel is a body-centred-tetragonal (bet) solid solution with a high 
concentration of carbon atoms and is formed without diffusion from austenite during rapid 
cooling. Generally, martensite forms athermally between Ms and Mf, which depend only 
on the composition (carbon concentration) of austenite. The carbon atoms tend to
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precipitate from the bet martensitic structure and in so-doing reduce the tetragonality, and 
therefore martensite is metastable. At higher temperatures, it will transform to more stable 
ferrite and carbides by the process of tempering.
The hardness of martensitic carbon steel is about five times that of annealed steel and is 
attributed mainly to solid solution hardening by interstitial carbon atoms (2).
Morphologically, there are two kinds of martensite, plate martensite and lath martensite.
Plate martensite forms in high carbon steels (> 1 wt% C) and, after etching in picric acid, 
lenticular plates of martensite have a clear boundary with retained austenite. The lenticular 
shape is attributed to constraining forces imposed by the surrounding austenitic matrix 
which becomes work-hardened due to the stresses induced by the transformation. This 
work-hardened austenite resists further growth of martensite plates and finally halts the 
transformation. More detailed observations with electron microscopy reveal that each plate 
has a midrib and consists of fine transformation twins with width of about 5 nm. The 
twins do not extend completely to the plate edges, but degenerate into complex dislocation 
arrays. There are also dislocation networks, faults and defects in the structure of 
martensite plates (3).
Lath-martensite is formed in low and medium carbon steels (< 0.6 wt% C) as aggregates 
of essentially parallel lath shape units which are too fine to be resolved by optical 
microscopy. Adjacent aggregates have different orientations and may be twin related. 
Retained austenite films may occur between the laths. Recent studies of a high-Ms 
medium-carbon steel suggested (4) that there are two possible modes for carbon 
redistribution during quenching. One is the segregation of carbon atoms to dislocations in 
the martensite, the other is diffusion of carbon atoms from the martensite to the interlath 
retained austenite. Increase in carbon content in the interlath austenite lowers the Mf and 
therefore stabilises this austenite.
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The dominant structural feature of lath martensite is the dislocation density which can be as 
high as 1015-1016mr2 (5).
Martensite also forms during tempering of quenched steel and, when formed in this way, 
was termed 'secondary martensite' by Cohen (6), but no detailed reasons for the 
transformation were offered. The secondary martensite remains very light etching in nital 
and can be readily distinguished from the light etching austenitic matrix and the dark 
etching tempered original martensite as shown in Fig. 2.1.
The light etching plates were proved to be martensite by the lenticular morphology, 
geometric surface relief effects, habit plane near {259 }T and dark etching response after re­
tempering (7, 8).
Fig. 2.1 Photomicrograph showing very light etching (secondary) 
martensite plates, light etching austenite and dark etching tempered 
original martensite in a quenched 1.86 wt% plain carbon steel after 
200 °C 0.5 hour tempering; etched in 2.5% nital, x500.
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It was also proved that this type of martensite could form from austenite during cooling 
after tempering, isothermally at room temperature, or by stress inducement. Figure 2.2 
shows large numbers of light etching plates of martensite formed during cooling after 
tempering a quenched 1.86 wt% C plain steel at 150°C for 0.5 hour.
Fig. 2.2 Photomicrograph showing large numbers of light etching 
plates o f martensite forming in a quenched 1.86 wt% plain carbon 
steel during cooling after tempering at 150°C for 0.5 hour; etched in 
2.5 % nital, x250.
Carbides are compounds of carbon and iron together possibly with other alloying 
elements. Carbides precipitate and partition from austenite, martensite and ferrite solid 
solutions when the concentration of interstitial carbon atoms exceeds the solubility limit. 
According to the degree of stability, the carbides which form in plain carbon steel are e- 
carbide, rj-carbide, %-carbide and 0-carbide (cementite), with cementite being the most 
stable (9).
3 0009 03132046 3
Heat treatment o f steel 1 2
Epsilon (e)-carbide was originally described by Jack (10) in 1950. It has a close- 
packed-hexagonal (cph) crystal structure and chemical composition of Fe(2.4)C. Plates of 
e-carbide are about 6 - 20 nm thick and 70 - 400 nm long (11). Epsilon-carbide 
precipitates from (quenched) martensite during the first stage of tempering and also exists 
in lower bainite. The orientation relationship between e-carbide and ferrite in tempered 
martensite is (10):
(101)a = 1.37° from (10ll)e
[100]a = 5° from [1120]e.
Using single surface trace analysis, Lai (12) suggested that the e-carbide grows along a 
<100>a direction on {001 }a habit planes.
Eta (r|)-carbide was found by Hirotsu and Nagakura (13) to have an orthorhombic 
crystal structure with chemical formula of Fe2C. Like e-carbide, r|-carbide also exists in 
tempered martensite and lower bainite.
The structures of e-carbide and r\-carbide are very similar, both being metastable transition 
phases, and at higher tempering temperatures, both will transform to the more stable 
cementite.
Chi (x)-carbide is also called Hàgg carbide, and was first found by Hàgg in 1934 (14). 
It is monoclinic with a ratio of Fe/C of about 2.2 - 2.5 and has been found (15 - 18) in the 
products of second and early third stages of tempering. The micro-syntactic intergrowth of 
%-carbide and cementite forms 0-carbide, or so-called faulted cementite. The orientation 
relationship of x-carbide and cementite is (17):
{200}^ // {001}e but with spacing of 0.57 and 0.67 nm respectively.
Heat treatment o f steel
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Chi-carbide is less stable than cementite and is replaced by cementite at higher 
temperatures during the third stage of tempering (9).
Theta (0)-carbide is often referred to as cementite in unhardened steel. It has an 
orthorhombic crystal structure and a chemical formula of FesC. Cementite has various 
morphologies described as fine, coarse, porous, fragmented, spheroid, dendritic, 
columnar, rodlike, plate, Widmanstatten, massive, etc. (1), with the coarse spheroidal 
form being most stable as it has least interfacial energy.
(b) Two phase constituents include the eutectoid transformation products of pearlite 
and bainite, as well as tempered martensite.
Pearlite ideally consists of ferrite and cementite arranged in alternating plates or lamellae; 
it is the typical eutectoid structure in plain carbon steel. Pearlite forms by a diffusional 
process when steel is air cooled or furnace cooled from the austenitic condition. Ideally, 
the crystals of ferrite and cementite grow co-operatively, but when affected by 
transformation temperature and composition fluctuation, the lamellae of cementite may 
degenerate partly or completely to a spheroidal-type morphology. Whether this type of 
product should be called pearlite is debatable.
The interlamellar spacing of pearlite is a function of transformation temperature; the lower 
the temperature, the smaller is the spacing. Generally, the finer the lamellar structure, the 
better are the mechanical properties, while spheroidized structures have superior 
machinability.
Bainite is a non-lamellar aggregate of ferrite and carbide and is the product of the bainitic 
transformation. It was suggested (19) that in the bainitic transformation, austenite 
transforms to ferrite martensitically while the solute carbon atoms move diffusionally to 
accomplish the compositional changes. This hypothesis unifies the observed geometrical 
surface relief effects and the relative low transformation rate.
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Bainite forms from austenite either isothermally or during continuous cooling through a 
temperature range intermediate between, and overlapping with, the ranges for the 
formation of pearlite and martensite. Bainitic reaction is characterised by a transformation 
start temperature Bs, above which bainite will not form isothermally. The maximum 
volume fraction of bainite obtained in isothermal transformation increases with decreasing 
transformation temperature. For plain carbon steel, the bainitic reaction can be nominally 
complete, but for some alloyed steels, there is a temperature range in which austenite 
cannot completely transform to bainite. Once isothermal bainitic transformation starts, it 
develops rapidly but ceases shortly afterward and the austenite remaining untransformed 
may then transform to pearlite, depending upon temperature, after a further long delay (9).
According to the transformation mechanism, morphology and structure, bainite is usually 
classified as upper bainite and lower bainite.
Upper bainite forms at temperatures above about 350°C and has a dark etching feathery 
appearance as contrasted to the light etching martensitic matrix. The feathery appearance is 
due to the aggregates of ferrite laths, while the dark etching response is attributed to the 
presence of finely dispersed carbides. Structurally, upper bainite comprises aggregates 
(sheaves) of ferrite laths which are arranged with low misorientation and separated by 
residual austenite forming low angle lath boundaries. Elongated cementite particles tend to 
form between the ferritic laths along the orientation of long axis of the lath. Because 
carbon has a lower solubility in ferrite than in austenite, carbon atoms partition during 
upper bainitic transformation from transformed ferrite forming cementite by long distance 
diffusional processes.
Lower bainite forms at temperatures below about 300°C. Dark etching plates of lower 
bainite are the cluster of platelets (sub-units) which are aggregates of ferrite and e-carbide. 
Since the transformation temperature is lower than that for upper bainitic transformation, 
the long distance diffusion of carbon atoms is suppressed and only e-carbide can
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precipitate within the platelet by a short distance diffusion. This carbide may be replaced 
by cementite later in the tempering process. The structure of lower bainite is not 
homogeneous. Plates of lower bainite in high carbon steel may have a midrib. Recent 
TEM studies (20) reveal that the midrib consists of a centrally located thin plate of 
martensite sandwiched between regions of lower bainite which indicates that the formation 
of lower bainite may comprise two stages, In the first, austenite transforms into a thin 
plate of martensite, and which then stimulates the growth of the adjacent bainite regions in 
the second stage.
Tempered martensite forms during heating of (quenched) martensite. Tempering 
occurs in several stages associating with changes in microstructures and properties. When 
quenched martensite containing more than 0.2 % C is heated, the first stage of tempering 
results in production of e-carbide with concomitant lowering of the carbon content of the 
tetragonal martensite. The amount of e-carbide increases linearly with increasing carbon 
content of the steel and it precipitates due to high concentration of carbon in the structure 
exceeding the solubility in the ferrite, the highly strained nature of the martensitic structure 
and the relative low temperature at which diffusion of carbon atoms is slow. Preferred 
locations for nucleation of e-carbide are subgrain boundaries within the martensite plates.
The resultant large numbers of very small discs of e-carbide dispersed in the matrix of low 
carbon martensite, and the coherent strains in both structures, obstruct the motion of
dislocations therefore increase the strength of the steel. At the same time, toughness is 
increased by relaxation processes which relieve residual internal stress in the martensite.
During the third stage, e-carbide is replaced by cementite and low carbon martensite loses 
its carbon and tetragonality. The structure of steel after third stage tempering comprises an 
aggregate of cementite and ferrite. Since there is little interstitial solid solution hardening or 
precipitation hardening, the steel is soft.
Heat treatment n f steel
Clearly, a variety of phases and mixtures of phases exist in steel. It is the polymorphism 
of iron and the different carbon solubility in the polymorphs that makes these 
microstructural changes (or phase transformations) possible. The principles of these 
structure changes will be discussed in the next section.
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2.2 PHASE TRANSFORMATION AND DIAGRAMS
The driving force for a phase transformation is reduction of the free energy of the system, 
and according to the mechanism of atoms movement, the mode of transformation may be 
martensitic and diffusional.
Various phase and transformation diagrams are basic to understanding of heat treatment 
principles. In particular, the iron-cementite constitutional diagram represents the effects 
of temperature and composition upon the (equilibrium) phases present in iron-carbon 
alloys, the isothermal transformation diagram represents the progress of transformation at 
constant sub-critical temperatures, and the continuous cooling diagram shows the 
structures formed during continuous cooling transformation.
2.2.1 Driving Force and Constitutional Diagram
In nature, there is often potential for a system to change from one state to another to reduce 
free energy; this potential is called the driving force for the change. The lower the free 
energy of a system, the more stable is the system and a system is at ■stabl#'equilibrium 
when the free energy is minimum. The stable equilibrium phase or phases may change 
with changes of temperature and composition and the phase diagram for an alloy system 
summarises the equilibrium constitutions under different conditions.
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Specifically, the iron-cementite constitutional diagram, Fig 2.3 (1), shows the stable 
phases and phase mixtures under different conditions of temperature and carbon 
concentration.
In this diagram, the single solid solution fields are 5-ferrite, y-austenite and a-ferrite and 
the carbon solubility in these solid solutions changes with changing temperature. The most 
important lines in this diagram are Ai, A3 and Acm, which represent the critical 
temperatures for transformation of austenite. On slow cooling through the temperature Ai? 
the so-called eutectoid temperature, austenite decomposes to a-ferrite and cementite; when 
hypoeutectoid steels (< 0.77 wt% C) are cooled through the temperature A3, pro-eutectoid 
ferrite starts to partition from the austenite and when hypereutectoid steels (> 0.77 wt% C) 
are cooled through the temperature Acm, pro-eutectoid cementite starts to partition from the 
austenite.
Fig. 2.3 lron-cementite constitutional diagram (1).
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In any phase diagram, the identities and compositions of phases are assumed to represent 
thermodynamic equilibrium at any temperature and it is also assumed that the change of 
temperature is slow enough to maintain a state of near equilibrium during all 
transformation processes. However, in heat treatment practice, the change of temperature 
can be rapid. Increasing cooling rate not only lowers the critical temperatures due to 
slower diffusion of atoms but may also change the identity and microstructures of the 
transformation products. The science of time-dependent phase transformations is termed 
transformation kinetics.
2.2.2 Kinetics and Transformation Diagrams
According to transformation kinetics, phase transformations may be classified as 
diffusional and martensitic.
Diffusional Transformation
Diffusional transformation is associated with atoms undergoing long distance diffusion 
during the transformation and occurs by the two stages of nucleation and growth.
Nucleation in steels is heterogeneous. New phases nucleate at high energy defects such as
dislocations, grain boundaries and surfaces. Small group of atoms cluster randomly to
form very small crystals of the new phase due to local atomic fluctuation caused by
equilibrium value,
thermal agitation. If the temperature is lower than the ■cntieal', and the size of the new
size , A
crystal is larger than the critical, that is the energy released by the transformation latent heat
A  (tncl tA rtS
is greater than the energy needed to create the interface around the new phase, their the
new phase will be thermodynamically stable and the nucleus will grow.
Nucleation rate is determined by the two factors of driving force and the clustering of 
atoms. Since the clustering is diffusion controlled, it follows the Arhennius law and the 
relationship between nucleation rate (N) and temperature (T) is shown schematically in
1 8
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equilibrium
Fig. 2.4. The nucleation rate is zero at the critica4 temperature as there is no driving 
force. According to the analysis provided by Shackelford (21), the rate then increases to a 
peak value at a temperature below the Tj*, then, decreases at lower temperatures due to 
slower diffusion.
Diffusion-controlled growth involves a mechanism of atoms undergoing long distance 
diffusion, so the growth rate G also satisfies the Arhennius law:
G = C exp(-Q/RT),
where, Q is an effective activation energy, R is the universal gas constant, T is 
temperature (K) and C is a constant of frequency.
The mechanism for growth of pearlite is typical of diffusional transformation. Since the 
carbon solubility in a-ferrite is smaller than in y-austenite, interstitial carbon atoms diffuse
Fig. 2.4 Schematic diagram showing the relationship between the 
nucleation rate N and the temperature T , and the effects o f driving 
force and clustering o f atoms on the rate (21).
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away from the oc-y interface developing the a , through the y, then attach to the Fe3C-y 
interface developing the Fe3C. Diffusion of iron during formation of pearlite occurs by the 
vacancy mechanism and is much slower than that of carbon atoms due to the higher 
activation energy of the mechanism.
At lower temperatures, the driving force is greater while the diffusion process is slower 
and so the diffusion distance necessarily decreases. Thus, the interlamellar spacing 
becomes less as the transformation temperature decreases.
The total transformation rate is the combined effects of nucleation rate N and growth rate 
G as show in Fig 2.5.
If austenitised steel is cooled fast enough, diffusional transformation will be effectively 
suppressed due to very low diffusivity at low temperature. But as temperature decreases,
Fig. 2.5 Diagram showing the relationship between transformation rate 
and temperature, and the total transformation rate is the consequence o f 
the temperature dependence o f nucleation rate Nand growth rate G (16).
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the driving force, that is, the thermodynamically instability of austenite increases rapidly 
and at temperatures below the Ms, martensitic transformation occurs.
Martensitic Transformation
Martensitic transformation is a diffusionless process. In martensitic transformations, 
relative atoms movements are less than an interatomic spacing and occur by co-operative 
processes, so that the speed of transformation can approach the velocity of a sound wave. 
Generally, martensitic transformation is athermal so that the volume transformed depends 
upon temperature only.
Since there is no diffusion, martensitic transformation can be regarded simply as a change 
in crystal structure without change in composition. For transformation in iron-carbon 
alloys, the mechanism of crystal structure change can be explained as shown schematically 
in Fig. 2.6. In the Figure, (a) represents two complete austenite fee unit cells in the y 
lattice vector co-ordinate system. By conversion of co-ordinates, the fee austenite can also 
be regarded as a reoriented bet crystal (with c/a = V2) without any atomic displacement. 
The bet martensite (or bcc iron) is derived from the bet austenite cell, Fig. 2.6 (b), by a 
homogeneous lattice strain, that is, by a simple change in dimensions of the lattice.
The phenomenological theory of martensitic transformation is concerned solely with the 
crystallography of the initial and final structures. According to the crystallographic theory 
(22), the shape deformation Px associated with transformation is an invariant plane strain 
on a macroscopic scale and Pi comprises a homogeneous lattice deformation St and an 
inhomogeneous lattice invariant deformation P 2 on a microscopic scale. The 
homogeneous lattice deformation comprises a lattice strain M and a rigid body rotation R. 
So that:
St = P2P i = R M
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The lattice-invariant deformation describes transformation twinning or transformation slip. 
The defoimation is schematically illustrated in Fig. 2.7 (a - d), where (a) represents the 
intermediate lattice structure after a homogeneous lattice strain resulting in the 
homogeneous shape deformation on a macroscopic scale. This strain does not produce the 
final lattice structure and an additional homogeneous lattice defoimation (b) together with 
an inhomogeneous lattice invariant deformation caused by slip (c) or twinning (d) result in 
the crystal structure.
Fig. 2.6 Diagram  show ing lattice structure transition fro m  fee  
austenite to bet martensite; (a) bet cell located within two fee  cells, 
(b) transform ation  o f  bet austen ite to bet m artensite by a 
homogeneous lattice strain (23).
Heat ti'p.atment o f  steel 23
Distinction between m artensitic and diffusional transform ations
Generally, martensitic transformation can be differentiated from diffusional transformation 
by the presence of geometrical surface relief effects, the 'shape change', corresponding to 
the homogeneous strain, the occurrence of plates or laths of the product .on definite habit 
planes, the precise orientation relationship between the product and parent phases, and the 
structural heterogeneities in the product (25).
Fig. 2.7 Lattice invariant deform ation: (a) interm ediate lattice
structure due to a homogeneous lattice ¿¿rain resulting the fin a l shape 
deformation, (b) a further homogeneous lattice strain resulting in the 
fin a l lattice structure, (c) lattice invariant deformation by slip, and (d) 
lattice invariant deformation by twinning (24).
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Surface relief effects of shape change
For any transformation, the mean density of product is different from the mean density of 
the initial phase, so there is a change in the volume of the transformed region. This change 
is manifest on a previously polished surface in different ways for martensitic and 
diffusional processes.
The displacive nature of martensitic transformation results in geometrical surface relief 
effects as shown schematically in Fig. 2.8. A martensite plate is tilted partly above and 
partly below the original (planar) surface and because of coherency of the martensite­
austenite interface, the parent austenite region near the martensite must be plastically 
deformed.
Region of plastic 
accommodation 
in austenite
Fig. 2.8 Diagram showing the surface re lie f e ffect caused by 
martensitic transformation (24).
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The mechanism of diffusional transformation is different from that of the martensitic, as 
the new phase is formed by a one by one atom transfer across an interface. Therefore there 
is no strain, coherency or surface tilting associated with the transformation; any surface 
relief effects are a simple consequence of the change in density or volume and do not 
correspond to atomic displacement by an invariant plane su*ain.
Habit plane for martensitic transformation
A lattice strain uniquely associates any lattice point in the initial structure with the lattice 
point it becomes in the final structure. The correspondence is a set of all possible 
associations of this type. Of all possible correspondences, the most likely one is that 
which involves the smallest possible atomic displacements in the associated strain (23). 
For an explicit correspondence, a total lattice strain can be calculated to satisfy all 
geometrical conditions including habit plane, orientation relationship, dimensions of the 
initial and final lattice structures, and lattice invariant deformation.
After martensitic transformation, the plates or laths of product lie parallel to a plane of 
zero net macroscopic distortion; this plane is called the habit plane. The product of 
martensitic transformation is coherent, or at least semicoherent, with the parent phase as 
there is some degree of lattice matching across the interface and consequently, the habit 
plane is usually irrational. For plain carbon steels with C < about 1.4 wt%, the habit 
planes are near {225 }7, while for high carbon steels with C >1.5 wt%, the habit planes are
near {259 }Y (26).
For diffusional transformation, the concept of a habit plane is not relevant as the long 
distance diffusion of atoms and consequential composition change does not result in 
formation of plates or laths.
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Precise orientation relationship for the martensitic product and parent phase
A distinct characteristic of martensitic transformation is that the transformation driving 
force is large while the activation energy is small resulting in diffusionless transformation. 
The existence of an orientation relationship between the lattices of product and parent 
phases ensures that the distance that atoms move is as small as possible thereby 
minimising the transformation activation energy.
For martensitic steels with habit plane near {225 }T, the orientation relationship is close to 
the Kurdjumov-Sachs (KS) relationship (27):
{ l l l } Y//{011}a, with
<01 l>y // < l l l > a .
For steels with habit plane near {259}y, the orientation relationship is close to the 
Nishiyama-Wasserman (NW) relationship (28):
{ 111}T// {Oil}«, with
<112>y// <011>a-
It appears that orientation relationships between the lattices of martensite and the parent y 
phase are always close to either KS or NW (9).
Transformation defects accompanied with the martensitic transformation
The martensitic shape deformation and the coherency between the product and parent 
phases at the interface result in high plastic strain in the parent phase near the interface. 
This strain greatly increases the dislocation density in the strained area to above 1014 nr2
(29) which will be inherited by martensite forming subsequently. More importantly, the
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transformation is also accompanied by the formation of twins and stacking faults as shown 
in Fig. 2.7.
Subcritical transformation in plain carbon steel occurs by both diffusional and martensitic 
process. A typical example is the transformations in a eutectoid steel containing about 0.8 
wt% C.
From just below the critical temperature A] of about 723°C to about 250°C, the 
transformation is diffusion controlled although the products may be differentiated as 
pearlite, upper bainite, and lower bainite. Just below the critical temperature, the reaction 
is very slow and the product is coarse pearlite. At this relative high temperature, the 
nucleation rate is very low due to almost zero driving force, though the growth speed is 
high because of high diffusivity. As transformation temperature decreases, the driving 
force increases. The increase in nucleation rate together with the still high diffusivity 
results in a finer structure and higher transformation rate with a peak value at about 500°C. 
Slow transformation and even finer structures (bainite) formed at lower temperatures are 
due to lower diffusivity until at about 250°C, the diffusional transformation finally 
becomes so slow that it effectively stops.
The isothermal transformation (IT) diagram represents the time required for transformation 
to occur at constant subcritical temperatures. Thus, the IT diagram is also called the TTT 
(time-temperature-transformation) diagram, or sometimes, because of the shape, an S­
curve (or C-curve) diagram.
Figure 2.9 shows the IT diagram for a 0.89 wt% C (eutectiod) steel. The C curve reflects 
the kinetic characteristic of diffusional transformation and, as shown in the figure, the 
greatest transformation rate occurs at a temperature near the nose of the curve.
If the cooling rate is high enough to bypass the nose of the C curve, diffusional 
transformation will be suppressed, and martensitic transformation will occur at a lower
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temperature. A major characteristic feature of martensitic transformation is indicated in the
IT diagrams by isotherms particularly the Ms and Mf. The line Ms represents the
martensitic transformation start temperature so that above Ms, transformation does not
commence as nucleation will not occur. The line M f represents the transformation finish
temperature, at which, the transformation is nominally completed. These isotherms
indicate that the martensitic transformation is athermal, that is, the progress of
transformation is a function of temperature only and independent of transformation time
and therefore, of cooling rate, 
hypo- and hyper-eutectoid
For-pro eutectoid steels, the appropriate TTT relationships for formation of pro-eutectoid
A
products are indicated by additional curves.
A more detailed eutectoid IT diagram which recognises that the C curve shown in the 
Fig.2.9 is, in fact, several separate but overlapping C curves representing the formation of
Fig. 2.9 Isothermal transformation diagram fo r  a 0.89 % C eutectoid 
steel (1).
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pearlite, upper bainite, lower bainite and perhaps martensite formed isothermally is shown 
in Fig. 2.10. The separated but overlapping C curves for these products indicate that the 
mechanisms of formation, are different, but that they may form from austenite 
simultaneously and independendy (30).
Most industrial heat treatments are not isothermal processes but involve continuous 
cooling and continuous cooling transformation (CCT) diagrams indicate the structures 
formed from austenite during continuous cooling treatments. Figure 2.11 shows the CCT 
diagram for linear cooling of a plain carbon eutectoid steel. If the cooling rate is lower 
than the critical rate L, phase change is completed along the curve I, and the transformation 
product is pearlite together possibly with some bainite. If the cooling rate is between the 
critical rates L and K, the products are pearlite, bainite and martensite. If the cooling rate is 
higher than rate K, then all diffusional transformation is suppressed and the product is 
martensite only.
From these considerations, it is clear that on heating to the temperature above the critical, 
steel is austenitic and, by controlling the cooling rate, a wide variety of different 
microstructures can be obtained. In industry the object of such treatment is to obtain 
desirable microstructures and concomitantly desirable properties for specific applications.
2.3 HEAT TREATMENT OF STEEL
Heat treatments are applied to metals to control microstructure and mechanical and other 
properties.
Heat treatments usually consist of subjecting a metal to a definite time-temperature cycle 
and three operations are usually involved: heating to a definite temperature, holding at this 
temperature for a period of time to allow a phase change to occur and to homogenise
Hgat treatment of_st££l 30
A: 0.01 vol fraction pearlite
B: 0.99 vol fraction pearlite
C: 0.01 vol fraction upper bainite
D: 0.99 vol fraction upper bainite
E: 0.01 vol fraction lower bainite 
F: 0.99 vol fraction lower bainite 
G: 0.01 vol fraction martensite
Fig. 2.10 Schematic isothermal transformation diagram fo r  a plain 
carbon eutectiod steel, showing the Ms and M f isotherms and the 
various C curves (1).
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This diagram is derived from the isothermal transformation diagram 
shown in Fig.2.10 for a plain carbon eutectoid steel and consists of curves 
representing:
H: Start of transformation to pearlite 
I: Finish of transformation to pearlite
J: Start of transformation to upper bainite
K: Critical cooling rate for suppression of diffusional transformation
L: Critical cooling rate for complete diffusional transformation
Fig. 2.11 Schematic continuous cooling diagram fo r  a linear cooling 
rate (1).
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microstructure, and finally cooling at a specified rate to obtain the desired microstructures 
and properties.
According to treatment processes and the microstructures and properties of the products, 
the more commonly applied heat treatments of steel can be classified as annealing, 
normalizing, quenching, austempering and tempering. In this section, annealing, 
normalizing, quenching and austempering are described; tempering is discussed in 
Chapters 3 and 4.
2.3.1 Annealing
Annealing (or full annealing) is the heating of steel to a temperature in the austenite stable 
field (austenitizing), then slow cooling (furnace cooling) through the transformation range. 
The general puipose of an annealing is to increase the softness of the steel and to produce 
a structure which facilitates subsequent manufacturing processes. The structure of 
annealed steel is close to equilibrium and depends on carbon content so that it could 
comprise pearlite and fenite, pearlite, or pearlite and cementite.
For hypoeutectoid steels, the austenitizing range is just above the A3 temperature, Fig. 
2.12, as a higher temperature will coarsen the austenite grains. During slow cooling, 
ferrite and pearlite form at temperatures approaching the equilibrium A3 and Ai 
respectively. As a result, the ferrite will be equiaxied and relatively coarse-grained and the 
pearlite will have a large interlamellar spacing with low hardness and strength and high 
ductility.
For hypereutectoid steels, the austenitising range is just above Ai, Fig. 2.12, to maintain 
most of the cementite undissolved but spheroidized, and so prevent grain growth of 
austenite. Cooling a hypereutectoid steel slowly from above Acm will result in the 
formation of brittle proeutectoid cementite as networks along austenitic grain boundaries 
providing an easy fracture path and thereby decreasing the strength and toughness.
3 2
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Consequently, this structure must be avoided. Because of the low cooling rate and the 
undissolved cementite, the structure of annealed hypereutectoid steels is coarse pearlite 
matrix dispersed with fine spheroidal cementite.
For homogenising or hot working, steel is heated to a higher temperature in the austenite 
field, Fig. 2.12, to increase the rate of the diffusion controlled dissolution of carbide. 


























0 0.5 1.0 1.5 2.0
Carbon content in weight percent
Fig. 2.12 Practical heating temperature ranges fo r  annealing and 
normalizing in phase diagram (3).
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2.3.2 Normalising
Normalising is the heating of steel to a temperature in the austenite field, then cooling at 
medium rate (air-cooling) through the reaction temperature range. The function of 
normalising may overlap with that of annealing, of quenching and of stress relieving. 
Normalising is used to produce a uniform microstructure, refine grains, improve 
machinability and provide required mechanical properties.
For normalising, steel is heated to above the A3 or Acm temperatures which are somewhat 
higher than for full annealing, Fig. 2.12, to produce a more uniform microstructure while 
retaining fine austenite grains. Compared with annealing, the faster cooling associated 
with normalising reduces pearlitic interlamelar spacing and proeutectoid ferritic grain size, 
and decreases the possibility of formation of grain boundary carbides.
The final structure of normalised steel is dominated by pearlite with small interlamelar 
spacing. A normalised steel has higher strength and hardness and slightly lower ductility 
than a full annealed steel.
2.3.3 Quenching
Quenching is the fast cooling of steel from the austenitic condition at a cooling rate higher 
than the critical K for suppression of diffusional transformation, as shown in Fig. 2.11, to 
produce a martensitic microstructure and so increase hardness.
The hardness of a quenched steel is determined by the fraction of martensite transformed. 
On quenching a steel, the cooling rates at the surface and in the centre are different 
resulting in inhomogeneity of microstructure and mechanical properties. Cooling rates are 
higher at the surface than in the centre, and therefore a greater fraction of martensite may 
form at the surface than in the centre, and some fraction of pearlite may form at the centre 
due to the slower cooling. The quenching effectiveness, or the depth of hardened region,
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is identified by the position at which 50% martensite and 50% fine pearlite is obtained in a 
bar section of steel, and depends upon the heat transfer characteristics of the quench 
medium and the transformation characteristic of the steel. The latter raises the concept of 
hardenability which is defined as the capacity of a steel to transform partially or completely 
from austenite to some fraction of martensite at a given depth when cooled under some 
specified conditions. On a CCT diagram (refer Fig. 2.11), if the position of C curve is 
displaced to longer times on the abscissa (by change of composition), then the critical 
cooling rate for suppression of diffusional transformation (K) is lower, resulting in better 
hardenability.
The quenching of steel is accompanied by distortion, cracking and residual stress due to 
differential cooling, thermal shock, the volume change associated with transformation of 
austenite into martensite and the extreme brittleness of martensite. To minimise the thermal 
shock, the steel may first be quenched in a liquid quenchant at a temperature just above 
Ms, held for a period of time to equalise the temperature then air cooled through the 
martensitic transformation range. This process is termed martempering. The product of the 
martempering is martensite which is probably very similar to the product of direct 
quenching.
The relatively complex structure of bet martensite is less stable than bcc a-ferrite and the 
high concentration carbon in the structure exceeds the solubility limit in ferrite. Both 
factors result in the as-quenched martensite being metastable, that is, it is stable with time 
at ambient temperature, but upon moderate heating it will transform into the more stable 
phases of ferrite and carbide. The structural defects generated during martensitic 
transformation together with the interstitial carbon atoms and high residual stress produced 
during quenching obstruct the motion of dislocations and result in as-quenched steel being 
extremely brittle although very hard. Therefore, as-quenched steels are almost invariably
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tempered to improve the comprehensive mechanical properties. This process of tempering 
is examined in Chapters 3 and 4.
2.3.4 Austempering
Austempering is an isothermal transformation process. Steel is quenched from the 
austenite field to a temperature between Ai and Ms, but usually between Bs and Ms, and 
after partial or complete transforming of the austenite to bainite, the steel is air cooled to 
room temperature. The product of austempering usually is bainite.
Compared with quenched and tempered steel and martempered and tempered steel, 
austempering improves the ductility, toughness and strength at a given hardness. As seen 
in Table 2.1, for a 1095 steel with hardness of HRC 52.5, the impact strength after 
austempering is three times that after water quenching and tempering and twice that after 
martempering and tempering. Elongation also is greatly improved from 0 to 10%, and 
austempering also reduces distortion and cracking in high carbon steels.
Table 2.1. Mechanical properties of 1095 steel heat treated by three 
methods (31).
Specim en
No. H eat trea tm en t
H ardness.
HRC
Im pact strengtli E longation in 
25 m m , o r 1 
in .. %J ft Ibi
1 W a te r  q u e n c h e d  a n d  te m p e re d 5 3 .0 16 12
2 W a te r  q u e n c h e d  a n d  te m p e re d 52.5 19 14
3 M a r te m p e re d  a n d  te m p e re d 5 3 .0 38 28
4 M a r te m p e re d  a n d  te m p e re d 52 .8 33 24
5 A u s te m p e re d 52.0 61 45 1 1
6 A u s te m p e re d 52.5 54 40 8
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3. TEMPERING OF STEEL
Tempering is a heat treatment process in which as-quenched steel is reheated to a 
temperature below the lower critical temperature Ai and then cooled to increase the 
ductility and toughness. In this Chapter, the mechanical property changes in tempering, 
the mechanism of transformation and microstructural changes during the preliminary, first, 
third and fourth stages of tempering are discussed. Previous studies on the second stage 
are presented in Chapter 4.
3.1 PROPERTY CHANGES DURING TEMPERING
Tempering changes the mechanical properties of steel and generally, the first consideration 
in tempering is to balance hardness and toughness. The effect of tempering temperature on 
impact toughness is shown in Fig. 3.1 (32). For quenched 0.4 and 0.5 wt% C plain 
carbon steels, progressive increase in tempering temperature increases toughness modestly 
in the range 150 - 200°C, decreases it in the range 260 - 370°C, then increases it again 
above 425°C. This diagram also indicates that increasing the carbon content decreases the 
toughness.
Generally, the hardness of quenched steel decreases with increasing tempering temperature 
or with decreasing carbon content as shown in Fig. 3.2 (32).
Other mechanical properties change with tempering temperature as shown representively in 
Fig. 3.3 (33). Clearly, as temperature increases, the tensile strength and yield strength ol
Tempering o f  steel
38
Fig. 3.1 Diagram showing the effect o f tempering temperature on 




400 600 800 1000 1200 j 1400
Tempering temperature, F 
200 300 400 500 600 700
Tempering temperature, C
Fig. 3.2 Diagram showing the decrease in hardness with increasing 
tempering temperature and decreasing carbon content. The references 
refer to work consulted by Bain (32).
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SINGLE HEAT RESULTS 
C Mn P S Si
Oil-quenched 4 3 4 0
Ni Cr Mo Grain 
_________Size
Ladle .41 .67 .023 .018 .26 1.77 .78 .26 6-8
Critical Points, F: Ac, 1350 Ac3 1415 Ar3 890 Ar, 720
Treatment: Normalized at 1600 F; reheated to 1475 F; quenched in agitated oil. •
.530-in. Round Treated: .505-in. Round Tested. As-quenched HB 601
Temper. F 400 500 600 700 800 
HB 555 514 477 461 415
900 1000 1100- 1200 1300 








Fig. 3.3 Diagram showing change in mechanical properties o f 4340 
steel with increasing tempering temperature (3).
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oil quenched A ISI4340 carbon steel decrease while the reduction of area and elongation 
increase.
Tempering relieves quenching sttesses and transforms any residual austenite that is present 
thereby improving dimensional stability. It also results in changes to other properties such 
as density, electric resistivity and magnetic resistivity. All these property changes during 
tempering are due to microstructural changes.
3.2  T E M P E R IN G  S T A G E S
According to microstructure changes, tempering of steel can be represented by five stages 
usually designated as the preliminary, first, second, third and fourth stages. Figure 3.4
Fig. 3.4 Diagram schem atically showing hardness changes with 
tempering temperature, H - hardness, T - temperature.
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schematically shows the effect of tempering temperature on hardness of an alloyed steel, 
and the association of hardness, with these five stages.
Tempering temperature ranges for the preliminary, first, second, third and fourth stages 
are represented by P, 1, 2, 3 and 4 respectively; and the effects of stages may be 
superimposed. The general tendency is for hardness to decrease as tempering temperature 
increases, but hardness increases are also evident. The increase along (a) is due to 
formation of coherent e-cai'bide, the platform (b) is caused by replacement of soft austenite 
with harder carbide and ferrite, the softening along (c) is due to coarsening and loss of 
coherency in the microstructure, the increase along (d) is the result of precipitation of 
coherent transition alloyed carbides, and rapid softening along (e) is due to loss of 
coherency and coarsening.
3.2.1 Preliminary stage
Microstructural changes in the preliminary stage occur during quenching or at temperatures 
below 100°C. Those changes involve segregation of carbon atoms to dislocations and 
various boundaries, clustering of carbon atoms in martensite, and formation of modulated 
structures.
During quenching and holding at room temperature, carbon atoms move naturally to 
dislocations and sub-grain-boundaries to be accommodated at least strain energy therefore 
with lower internal energy and free energy. The maximum amount of carbon that can 
segregate to these positions is about 0.2 wt% due to saturation, which is independent of 
the carbon content of the steel.
Based on high resolution electron microscopy, the microstructural changes that occur in 
high carbon steel during the preliminary stage were described by Nagakura and Nakamula 
(34). Immediately after martensitic transformation, some carbon atoms are not located in 
the octahedral sites of the bet martensite. These carbon atoms may start to enter the
4 1
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octahedral sites at temperatures as low as about -120°C and are distributed randomly 
among those sites at about -30°C. Clustering commences at about -30°C so that, at room 
temperature, all interstitial carbon atoms in martensite are present in the form of clusters. 
Above room temperature, the clusters start to aggregate on {102 }a * planes forming a 
modulated structure with a spacing of ~ 0.85 nm which increases with decrease in the 
carbon content of the martensite. The motion of iron atoms during formation of the 
modulated structure is displacive with the relative displacement estimated (34) to be about 
0.2 nm, that is, less than one fourth of the {102}a- spacing.
These segregations, clustering processes, and formation of modulated structures precede 
the formation of carbide.
3.2.2 First Stage
During the first stage of tempering, which occurs at about 100 - 250°C, particles of e- 
carbide precipitate from the martensite. Formation of the carbide depletes the carbon 
content of the martensite resulting in a lower carbon martensite (a") being derived directly 
from the original martensite (a').
The e-carbide particles, which have a hexagonal crystal structure, form by a process of 
nucléation and growth (35). Nuclei are created initially at subgrain boundaries of the 
martensite then grow along those boundaries to form films. Further diffusion of carbon 
atoms onto the faces of the films thicken them to form plates.
Recent studies (34, 36, 37) proved that redistribution of carbon atoms during the 
preliminary stage strongly affects the formation of E-carbide during the first stage. Based 
on high resolution TEM studies of a 1.5 % C steel, it was suggested by Nagakura and 
Nakamula (34, 36) that the nucléation sites for E-carbide may be the interstitial carbon
4 2
* The subscript a ' refers to the bet lattice o f the martensite.
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atom clusters and the modulated structures due to enrichment of carbon atoms. Taylor (37) 
pointed out that the {012}a- habit plane of the plate shaped e-carbide formed during the 
first stage was very close to the {023 }a- habit plane of the carbon enriched structure 
formed during the preliminary stage, and the ~ 10-20 nm interparticle spacing of the e- 
carbides, during the early first stage, was apparently inherited from the modulated 
structure.
Epsilon (e)-carbide and low carbon martensite are coherent and it has been suggested (10) 
that the coherency planes are (101 l)e and (101)a-, because the spacings of these planes are 
approximately equal.
A single-crystal X-ray technique was used by Kurdjumov and Lyssak (38) to trace the 
first stage of tempering. It was found that as e-carbide was precipitating, the martensite 
was not uniformly depleted in carbon, but instead, the (a') martensite and the (a") low 
carbon martensite were present simultaneously during the whole process of the first stage. 
For this reason, the precipitation phenomenon was correctly described as a discontinuous 
decrease in tetragonality.
The kinetics of the first stage of tempering were studied by Roberts et al (39) using 
precision dilatometric measurements. It was proved that the rate of formation of e-carbide 
and low carbon martensite was well represented by the rate equation:
df/dt = K(1 - f)tm,
where f  = fraction transformed, t = time, K = rate constant, and m = time exponent. The 
value of m was averaged as -0.7, and found to be independent of temperature and carbon 
content, whereas, the rate constant K increased with temperature, carbon content and 
impurities in the austenite. The fraction untransformed (1 - f) was introduced to take 
account of the impingement of reacted regions.
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The above equation was deduced from the Zener rate equation for precipitation reaction 
(40):
f = C tn, or
df / dt = C i t"-1 = Ci tm,
where, C and Ci are constants and n is a shape coefficient of precipitate with n = 5/2 for 
disks, 2 for rods, and 3/2 for spheres. According to Zener, the process of precipitation is 
assumed to be growth controlled, that is, the nuclei pre-exist or are generated very early in 
the reaction.
Based on the Kurdjumov suggestion of discontinuous reaction in the transformation of 
martensite into e-carbide and lower carbon martensite, and the Roberts experiment on the 
kinetics of the first stage of tempering, a dislocation-attraction model was suggested by 
Lement et cil (35) as an explanation for the mechanism of formation of e-carbide. The 
geometrical situations which were considered in the growth stage were growth of a plane 
front and growth of a spherical shell.
Growth of a plane front is shown schematically in Fig. 3.5 (35). Edge dislocations at the 
interface of the e-carbide and the low carbon martensite are separated by a constant 
distance h due to partially coherency at the interface. Carbon atoms are attracted to these 
dislocations and the process is self-perpetuating provided that coherency is maintained. 
As a result, a carbon depleted region is developed between the £-carbide and martensite at
the expense of martensite.
The actual interface between e-carbide and low carbon martensite is not planar but is 
spherical. Therefore, growth of a spherical-shell front was suggested (41) to correspond 
to an impingement factor resulting in discontinuous reaction.
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According to the dislocation-attraction model, Lement and Cohen (35) suggested that 
transformation of martensite during the first stage of tempering is dependent on the 
diffusion of carbon through the martensite with a constant activation energy of 1.13xl05 
J/mol.
The product of the first stage of tempering is an aggregate of fine platelets of e-carbide 
uniformly distributed in low carbon martensite. These two phases are at least partially 
coherent at the interface and the steel is therefore not only toughened, but also hardened. 
The effect of precipitate hardening is indicated in Fig. 3.2, which shows that hardness 
increases with temperature from the as-quenched value to a peak value at about 1 10°C, 
then decreases as second and third stage tempering processes take place.
45
Fig. 3.5 Diagram showing growth o f a plane fro n t formation o f 
carbide by a dislocation attraction model (35).
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3.2.3 Second stage
The second stage of tempering, which occurs between about 200 and 300°C, is related to 
the decomposition of austenite into ferrite and carbide and will be discussed in detail in 
Chapter 4.
3.2.4 Third Stage
The third stage of tempering starts at about 300°C and is associated with replacement of 
the products of the first and second stages by cementite and ferrite. The product of first 
stage is e-carbide and lower carbon martensite, and the product of the second stage is
some type of carbide and ferrite (refer to Chapter 4).
For low and medium carbon steel, at the lower temperatures of the third stage, cementite 
forms at the expense of the £-carbide and the low-carbon martensite loses most remaining 
carbon, thereby reducing the tetragonality to become ferrite (53).
Alternatively, it was demonstrated (11) that early in the third stage for high carbon steel, 
the carbides were also present as 0'-particles which comprise thin layers of 9-Fe3C, %- 
Fe5C2 and higher carbides [en-Fe2n-iCn (n>3)]. These ©'-particles transform gradually to 
0-particles at temperatures in the range of about 450-580°C.
A possible explanation for these two different observations is that the carbide in the 
austenite decomposition product formed during second stage tempering is not £-carbide, 
and that the ©’-particle is a transition form between the carbide formed during the second 
stage and cementite. As Mossbauer studies have proved (33) that %-carbide forms in some 
high carbon steels tempered at 200 - 300°C (which is the temperature range for the second 
stage) coupled with the absence of evidence that /-carbide forms in low carbon steels (53) 
strongly implies the /-carbide is one of the decomposition products of the second stage.
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The transition of 0' to 0-carbide was observed (11) by electron microscopy as shown 
schematically in Fig. 3.6. Although the characteristic features of formation of 0-particles at 
grain boundaries and within the grains are the same, the temperatures, at which these two 
processes occur are different. Small regions of 0 form as nuclei on the surfaces of the 0’ 
and are coherent with 0’ at the interface. Nucléation of 0 particles on ©’-particles at grain
boundaries starts at about 280°C (600K) (a), while it starts at about 380-430°C (650- 
700K) within the grains (d). Growth of 0-particles is also faster at the grain boundaries
(b) than in the grains (e), probably because the atomic volume of iron is lower in the iron 
matrix than within the 0-carbide, so that formation of 0-carbide is controlled by diffusion 
of vacancies from the bcc (or bet) matrix into the 0-particle. Diffusion of these vacancies








F ig . 3 .6  Diagram showing the transformation of 6' to 0 at giain 
boundary and within a grain (11)-
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along grain boundaries is faster than within the grains and therefore, growth of 0-particles 
at grain boundaries is faster than growth within the grains. The coalescence of 0-particles 
takes place above about 470QC (740K) (c, f, g).
After formation of cementite and a-ferrite, microstructural change continues by coarsening 
and spheroidising of the cementite to reduce the interface energy. Recovery, 
recrystallization and grain growth processes occur in the ferrite in the temperature ranges 
500-600°C, 600-700°C and above 700°C respectively, to decrease the strain energy and 
interfacial energy.
Quenched plain carbon steels soften rapidly with increasing temperature during the third 
stage of tempering due to rapid coarsening of cementite. However, alloying elements may 
be introduced to form alloyed carbides to improve high temperature properties.
3.2.5 Fourth Stage
The fourth stage of tempering occurs only in alloyed steels for which the alloying elements 
are divided into two groups.
One group is the non-carbide-forming elements such as nickel, manganese, aluminium and 
silicon. Since these elements remain in solution during tempering, they have little affect on 
tempering behaviour.
The other group is the carbide-forming elements such as tungsten, chromium, vanadium, 
molybdenum, titanium and niobium. Alloy carbides are more stable than cementite and 
form at the expense of cementite at high temperature when substitutional alloying element 
atoms start to diffuse at significant rates. Consequently these elements have considerable 
influence on tempering behaviour.
Tempering of steel
Two modes of formation of alloy carbide during tempering were proposed by 
Honeycombe (42): in situ replacement and separate nucleation.
The in situ replacement mode suggests that alloy carbides form by conversion of FesC to 
MxCy. X-ray examinations (42) of carbide extracted from tempered chromium steel 
indicated that Cr 7C3 replaced Fe3C during tempering in the temperature range 450 - 
500°C and that the transformation occurred in situ. Since the alloy carbides are more stable 
than cementite at high temperature, replacement in situ would prevent dissolution of 
carbide particles, thereby retarding the softening of steel in the high temperatures of the 
fourth stage.
The separate nucleation mode suggests that cementite dissolves in the ferrite, and the alloy 
carbides nucleate independently on dislocations and grow at temperatures in the range 500- 
650°C. Formation of alloy carbide by this mode would probably proceed by two steps. 
The first step involves formation of a transition carbide which is coherent with the fenite, 
and the second step is conversion the transition carbide to a more stable but non-coherent 
carbide. Since the first step is essentially a precipitation process similar to the first stage of 
tempering in plain carbon steel, the alloy carbide particles formed during this step should 
be much finer than those formed by the in situ mode. The finely dispersed alloy carbides 
and the coherency between the alloy carbides and the matrix would harden the steel by so- 
called secondary hardening.
The effect of molybdenum on the tempering behaviour of a 0.35 wt% C steel, as shown 
in Fig 3.7 (43), is a typical example of secondary hardening. Peak value ol secondary 
hardening increases as molybdenum content increases and even though there is no 
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Fig. 3.7 Diagram showing the effect o f molybdenum on tempering 
behaviour o f steels (43).
The preliminary, first, third and fourth stages of tempering have now been discussed. 
Transformation of any austenite present after quenching occurs in the second stage, and is 
considered in detail in Chapter 4.
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4. THE SECOND STAGE OF TEMPERING
During the quenching process, transformation of austenite to martensite starts at the
temperature Ms and finishes at the temperature Mf. Normally the formation rate of
martensite depends upon temperature only and both Ms and Mf are composition
value,
dependent. For plain carbon steels, Ms is always above the ambient^but for steels
value
containing more than 0.8 % C, Mf is below ambient^and therefore the microstructures after 
quenching comprise a matrix of austenite partitioned by regions of martensite. The
amount of austenite increases with increase in C content due to decrease in Mf but should
at value _
be zero for C < 0.8 % for which Mf is^ambien^or above. For example, a 1.86 % C plain
steel quenched to ambient temperature contains about 50 % retained austenite partitioned 
by plates of martensite due to a low Mf (8) which is estimated to be about -100°C.
Not withstanding the dependence of Mf on composition, a small amount of austenite 
apparently remains in the quenched structure of medium and low carbon steels. For 
example, TEM studies (44, 45) proved that a 0.4 wt% medium carbon steel quenched to 
ambient temperature contains several percent of austenite as thin films between the laths of 
martensite. It has been suggested (46) that the films of interlath austenite are a 
consequence of the redistribution of carbon during quenching. An atom-probe field-ion 
microscopy (APFIM) study (46) showed that for a 0.26 wt% C steel after oil quenching, 
the austenite near the austenite/martensite interface could be carbon enriched to levels as 
high as 2.1 wt% C. This kind of increase in carbon content in the austenite lowers the 
local Mf and so stabilises that austenite. It seems therefore, that the definition of Mf is not
clear.
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The austenite retained in quenched (high carbon) steel is thermodynamically metastable so 
that under appropriate conditions of reheating in the temperature range of the second stage, 
it will transform to more stable products.
In this chapter, previous studies on the second stages of tempering are reviewed and the 
kinetics, mechanism and product of the transformation are discussed.
4.1 TERMINOLOGY
Study of the second stage of tempering has developed in several stages.
In the early stage of 1940-50's, the product of the second stage was classified as a bainite 
by some workers because the terminology of the bainite was not precise at that time. 
Bainite was once 'a generic term describing a transformation product of austenite formed 
at temperatures below that required to form fine pearlite but generally above the range 
within which martensite forms’ (47). The definition was a simple statement only of the 
thermal conditions required for the formation of bainite (1). A scientific nomenclature for 
transformation products should take into consideration the identification of the nature of 
product, the transformation mechanism and the thermal and other conditions for 
transformation.
Later, but before the middle 1970's, the second stage had been experimentally studied in a 
variety of ways including magnetic methods (48), X-ray methods (49), resistivity 
measurements (50), the Mossbauer technique (50), and dilatometry measurements (39). 
Because of the complication that the transformation usually overlaps the first and third 
stages of tempering, some results had doubtful validity. Various suggestions weie offeied 
about the transformation and the product. Hume-Rothery suggested (51): it is usually 
thought that the retained austenite ... decomposing to lower bainite , Wilson
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proposed(52): 'the retained austenite ... transforms to bainite', Speich and Leslie (53) 
suggested that 'the decomposition reaction (of austenite) is the formation o f b a in ite and 
Bain and Paxton stated (54) that the product 'will not be a hard martensite, but one o f the 
softer structures o f the bainite family'. So the conventional concept at that time was that 
the transformation was martensitic and the product was bainite.
More recently, a relatively comprehensive study using metallographic and other methods 
was undertaken by Kennon and his colleagues (7, 8, 25, 55 - 57). The mechanism and 
kinetics of the transformation and the morphology and properties of the product were 
studied by surface relief effects and optical and transmission electron microscopy. A new 
viewpoint that the transformation was diffusional and the product was not a bainite was 
offered.
The argument concerning the second stage continues as in the mid 1980’s Nakamula and 
Nagakula (58) studied the second stage by in situ high temperature electron microscopy 
and supported the view that the product is bainitic.
Despite the different points of view, previous studies on the second stage have been 
mainly concerned with the kinetics, the mechanism and the product of transformation.
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4.2 KINETICS
The kinetics of decomposition of austenite during the second stage of tempering was 
investigated by Roberts et al (39) using a precision dilatometric method and the time rate 
of change of length at different temperatures in a 1.43 % C steel is shown in Fig. 4.1.
The times required to achieve a fractional length change of about 27000xl0'6 at various 
temperatures were estimated from the dashed line in Fig. 4.1 and relationship between the 
logarithm of these times and the reciprocal of temperature is shown in Fig. 4.2. Roberts et
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Fig. 4.1 Diagram showing fractional length changes associated with 
decomposition o f austenite in a quenched 1.43 C steel (39).
Fig. 4.2 Diagram showing the relationship between the logarithm o f 
transformation time and the reciprocal o f temperature fo r a specified 
amount o f transformation in a 1.43 wt% plain carbon steel (39).
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a l  (39) used such relationships to calculate the transformation activation energy Q for 
plain carbon steels containing from 0.29 to 1.43 wt% C and found that the activation 
energies were a function of carbon content. The similarity in magnitude of those activation 
energies with the activation energies for diffusion of carbon in austenite, shown in 
Fig.4.3(39), implied that decomposition of austenite during the second stage could be 
controlled by the diffusion of carbon in austenite.
However, the reliability of the Roberts experiment is doubtful. The reactions in the second 
stage are very complicated and usually overlap with those of the first and third stages. The 
measured length changes of a specimen might be a combined effect of the decomposition 
of the austenite during the second stage (expansion), first stage transformation of 
martensite into E-carbide and low carbon martensite (shrinkage), reactions of the third 
stage, and the relief of stress. No detail was given by Roberts to explain how the length 
change caused by decomposition of austenite to the product of the second stage could be 
separated from other components.
Fig. 4.3 D i a g r a m  s h o w i n g  v a r i a t i o n  o f  a c t i v a t i o n  e n e r g y  w i t h  c a r b o n  
c o n t e n t ;  c o n t i n u o u s  l i n e  -  d e c o m p o s i t i o n  o f  a u s t e n i t e  d u r i n g  
t e m p e r i n g  ( 3 9 ), d a s h e d  l i n e  -  d i f f u s i o n  o f  c a r b o n  in a u s t e n i t e  ( 5 9 ) .
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An alternative approach was adopted by Mettam (57) who used quantitative microscopy to 
measure the time rate of change in the volume fraction of austenite remaining in the 
structure at different tempering temperatures. The experimental data indicated that the 
relationship between In t and the 1/T is linear which satisfied the Arhennius law
R = x / 1 = A exp [- Q / (RT)], or
lnt = - In (A / x) + Q / (RT).
Where, R = x/t: time rate of change in volume fraction of austenite, x: volume fraction of 
retained austenite, t: time, Q: activation energy, R: gas constant, T: temperature (K), and 
A: constant. The result implies that the transformation is diffusion controlled and the 
measured activation energy for the second stage process was 127.9 kjmol"1. This result 
was compared with the activation energy of 123.5 kjmol'1 for diffusion of carbon in 
austenite reported by Wells, Balz and Mehl (59) and the deviation is about 3.4% strongly 
suggesting that the rate of the decomposition of austenite was controlled by diffusion of 
carbon atoms in the austenite.
Since the quantitative microscopical method excludes effects from the first and third 
stages, the result should have high reliability.
4.3 DECOMPOSITION PRODUCT OF AUSTENITE
A metallographic study by Kennon and Burgess (8), using optical and electron 
microscopy, proved that the decomposition product of austenite during the second stage 
was a duplex aggregate probably of ferrite and carbide.
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Morphology
For high carbon steel, the decomposition product occurred predominandy around the (first 
stage tempered) plates of martensite in austenite and the dark etching product could be 
readily distinguished from the tempered martensite as shown in Fig. 4.4.
Fig. 4.4 Photomicrograph showing morphology o f the product o f the 
second stage o f tempering in a quenched 1.86% C steel after 
tempering at 256 C for 1 hour; etched in 2.5% nitalf x500.
Electron micrographs of two stage gold shadowed carbon replicas (Fig. 4.5) shows that 
the product of coarse duplex aggregate is located between the austenite and martensite and 
probably comprises a phase which was identified as carbide with a wide range of 
morphologies dispersed in a ferritic matrix.
Crystallography
A transmission electron microscopical study of a 1.5 wt% C steel (58) indicated the 
orientation relationship for the product of the second stage was:
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(131)y// (001)e // (2T1 )0 // (121 )o,t 
(I01)Y// (010)e// (111)«// (lll)at, and 
(323)t// (100)e // (01 l)a H (lOl)at.
Where a t  refers to a ferrite twin. The orientation relationship between the ferrite and 
austenite was the Kurdjumov-Sachs relationship, and between the cementite and ferrite 
was the Bagaryaski relationship.
Fig. 4.5 Photomicrograph showing the morphology o f the duplex 
aggregate o f carbide and ferrite , product o f the second stage o f 
tempering, on either side o f a (first stage) tempered martensite plate; 
two stage gold shadowed carbon replica, TEM, x l2 0 0 0 .
Properties
For a 1.86 % high carbon steel, the changes in hardness with tempering temperature are 
shown in Fig. 4.6. It was believed (8) that the increase in hardness in the temperature
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Fig. 4.6 Diagram showing the relationship between tempering  
temperature and hardness for a 1.86 wt% high carbon steel (8).
range 150-300°C was associated with decomposition of (soft) austenite and concomitant 
formation of (hard) carbide particles.
Tempered martensite embrittlement may occur during tempering and welding processes in 
medium carbon steels. Recent studies (44, 45, 60) revealed that this type of embrittlement 
was attributed to the long interlath ribbons of cementite formed by decomposition of the 
interlath austenite during the second stage of the tempering operation.
Carbide in the product
Many workers are interested in the identity of the carbide in the product of the second 
stage processes for the information this can provide about the mechanism of 
transformation of the austenite.
The morphology of the carbide in the product was probably first observed (8) by TEM of 
two stage Au-Pd shadowed carbon replicas as shown in Fig. 4.5. The caibides weie
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observed (8) to have a wide range of morphologies aggregated in ferrite and to have a 
much coarser dispersion than in the duplex structure of the tempered plates of martensite .
Three different types of carbide have been reported in the product of the second stage.
(a) Millar et al (61) and Hume-Rothery (51) suggested that the carbide in the 
decomposition product was e-carbide consistent with their conclusion that the product was 
a lower bainite because no Curie temperature was detected. It was believed that the 
existence of a Curie temperature was an essential characteristic of cementite.
(b) Speich and Taylor (61) believed that the carbide was cementite, but no evidence was 
given to support their conclusion.
(c) A study using in situ electron microscopy by Nakamula and Nagakula (58) led to the 
proposal that the carbides were the 0-carbide near interface of the product and austenite 
and 0-carbide within the particles of product.
The identity of a carbides in the transformation product can often provide the information 
about the mechanism of the transformation. Epsilon (e)-carbide precipitates from 
martensite during the first stage of tempering and is also found in lower bainite. It is 
usually recognised that formation of e-carbide occurs only after a martensitic 
transformation. Cementite forms in steel during cooling from austenite or by transitions 
from less stable carbides such as e-carbide and ^-carbide. It exists in pearlite, bainite, and 
tempering products and forms by a diffusion controlled process. Theta (0) -carbide 
consists of syntactic layers of %-carbide and cementite and is less stable than cementite. 
Various carbides found in the decomposition product of austenite during the second stage 
increases the uncertainty in recognising the mechanism of transformation during the 
second stage.
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4.4 MECHANISM OF PHASE CHANGES
Based on a metallographic study of the second stage of tempering, it was suggested by 
Kennon and Burgess (8) that decomposition of austenite during tempering was 'associated 
with the relief o f stresses generated by formation o f martensite during the initial 
quench...'. Their investigation revealed that there were no geometrical surface relief 
effects associated with decomposition of austenite suggesting that the transformation could 
not be martensitic. The wide range of morphologies of carbide in the product and the 
relative smooth interface between the product and austenite led Kennon and Burgess (8) to 
suggest that the ferrite and carbide in the product grew co-operatively and that the 
decomposition of austenite during the second stage is a diffusional process. They also 
postulated that the transformation commenced at the surface of the tempered plates of 
martensite possibly without nucleation and that growth then occurred into the austenite.
An alternative transformation mechanism, shown schematically in Fig 4.7 (a - c), was
suggested by Nakamula and Nagakura (58). First, cementite formed at the interface of the
decomposition product and austenite due to easy diffusion of interstitial carbon atoms and
vacancies along the phase boundary (a). As a consequence, the austenite became lowered
in carbon content near the new formed cementite and transformed into ferrite
martensitically due to raising of the local Ms temperature (b). Finally, as the product
developed, the cementite originally formed at the interface between the product and
austenite became surrounded by ferrite. Losing the advantage of fast diffusion of the
carbon atoms and vacancies at the product-austenite boundaries, further growth of the
to . .
cementite as a 0-particle was attributed to the need^maintain the lattice coherent with ferrite 
at the interface.
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(a) A 0-Fe3C p a r t ic l e  nucleates  on the a u s te n ite  - b a in ite  boundary su r fa c e .
(b) Carbon - d e f i c i e n t  small a u s ten ite  reg ion s  on the boundary surface  
transform m a r te n s i t ic a l ly  to f e r r i t e .
(c) In the banite  body, 0-Fe3C p a r t ic l e s  grow as 0 1- p a r t i c l e s .
Fig. 4.7 Diagram showing the mechanism o f phase change in the 
second stage o f tempering (52).
Clearly, there are two contradictory points of view about the mechanism of transformation 
during the second stage of tempering; the martensitic and the diffusional. Additionally it 
has been proposed that the carbide in the decomposition product of austenite is
(a) £-carbide,
(b) cementite, or
(c) 0-cementite and 9'-carbide.
Obviously, further study is needed in this area. The work described in the following 
chapters was undertaken to clarify some of the problems identified in the theory. Problems
addressed include:
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(a) whether the transformation is martensitic or diffusional,
(b) which type of carbides exists in the product,
(c) the comparative effects of pre-existing martensite and bainite on the progress of 
the second stage, and
(d) identification of small platelets of temper product.
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5. EXPERIMENTAL
The present investigation was designed to help elucidate and clarify uncertainties about 
transformation of austenite during the second stage of tempering. Four studies were taken 
to obtain information about the mechanism of transformation and the nature of 
decomposition products. These studies were concerned with:
1. optical microscopy of the progress of the second stage,
2. surface relief effects associated with the products,
3. transmission electron microscopy of the product, and
4. habit planes of small platelets of temper product.
In these studies, surface relief effects generated during the second stage, the 
crystallographic properties of the products of the second stage particularly the carbide, the 
comparative effects of pre-existing martensite and bainite on the progress of the second 
stage, the morphologies of the product, and the habit plane and identity of small platelets 
present in the transformation product were studied in quenched specimens of a 1.86 % C 
experimental steel. Experimental techniques comprised optical microscopy including 
interferometry, transmission electron microscopy of thin foils and two stage gold 
shadowed carbon replicas, and selected area electron diffraction.
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5.1 M A T E R IA L
The material used in the investigation was a 1.86 wt% plain carbon steel having the 
composition as shown in Table 5.1. The alloy had a sufficiently low Mf temperature that 
approximately 0.5 volume fraction of austenite was retained after water-quenching as 
shown in Fig. 5.1.
Table 5.1 Composition o f steel used in the investigation (wt%).
c Mn Si P s Ni Cr Mo Cu A! Sn Fe
1.86 0.16 0.10 0.01 0.24 0.03 0.04 0.01 0.05 0.04 0.01 rein
Fig. 5.1 Photomicrograph showing the microstructure o f quenched  
1.86 % C steel containing about 0.5 volume fraction o f austenite;





For all studies, small specimens of the steel, about 1.5x1 Ox 15mm were austenitized at 
1150 C for 30 min in a horizontal tube furnace under a protective argon atmosphere to 
avoid decarburzation, then water-quenched to 20°C. The austenitizing temperature was 
selected to ensure complete solution of carbides and some growth of the austenite grains.
5.2.2 Tempering
Various tempering processes were applied for different purposes.
(a) For study of the relief effects generated during the first stage processes only, the 
specimens were tempered at 195°C for 1 hour.
(b) For study of the relief effects mainly generated by the second stage processes, the 
specimens were tempered at 195°C for 2 hour to complete the first stage processes, then 
polished and tempered at 215°C for 1 hour to check that no (or very little) additional first 
stage relief was generated. The specimens were finally repolished and tempered at 235°C 
for 1 hour to produce relief effects associated with second stage transformation of about 
5% of the austenite remaining after quenching and first stage tempering.
(c) For TEM, the specimens were tempered at 235°C for 1 hour to produce a partially 
second stage tempered microstructure.
(d) For determination of habit planes of platelets of temper product, the specimens were 
tempered at 215°C for 1 hour to generate sufficient platelets for observation and optical
measurement.
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To study the surface relief effects (a and b), the specimens were metallographically 
polished, vacuum-sealed together with titanium turnings in opposite ends of a Pyrex 
capsule. The turnings were heated to getter the oxygen in the capsule and the specimens 
were then tempered in molten salt to produce particular relief effects while avoiding any 
contamination of the surface.
5.3 OPTICAL MICROSCOPY
5.3.1 Morphologies
Various morphologies and microstructures of the temper products were studied using a 
LEITZ MM6 metallograph.
After metallographic polishing, the specimens were etched in 2.5 % nital to produce 
satisfactory distinction among the tempered martensite, temper decomposition products 
and austenite. For habit plane determination, the etchant was a saturated solution of picric 
acid in ethyl alcohol to which a few drops of concentrated hydrochloric acid was added to 
reveal the austenite twin vestiges and clearly delineate the product.
5.3.2 Surface Relief Effects
Objective
Study of surface relief effects was designed to provide information about the mechanism 
of phase change during the second stage.
In previous studies of the second stage, two contradictory points of view about the 
mechanism of transformation of austenite were proposed. In one of these, the fundamental 
process was believed to be martensitic, while in the other, it was believed to be 
diffusional. With regard to the first, decomposition of the austenite during the second
Experimental
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stage has been assumed to be bainitic (53, 60) or at least some kind of martensitic 
processes (63), but there was no convincing supporting evidence for either of these 
assumptions. More recently,, a metallographic study of the second stage of tempering (8) 
demonstrated that there were no clearly defined geometrical surface relief effects 
corresponding to a homogeneous shape change that would accompany the decomposition 
of austenite by a martensitic process. On the other hand, the absence of the geometrical 
relief effects, the relative smooth interface between the product and the austenite, and the 
wide range of morphologies of carbide in the product led Kennon and Burgess (8) to 
suggest that decomposition occurs by a diffusional process. This matter requires further 
attention.
For every phase transformation involving a change in crystal structure, there will be a
consequential change in density and therefore a change in the volume of the transformed
. . . .
region. This change in volume is manifes^on a previously polished surface in different 
ways for martensitic and diffusional processes.
After a martensitic phase transformation, the original metallographically polished surface is 
tilted in the regions of the product, but the plane surfaces remain plane and straight lines 
on the surface remain straight due to the homogeneous shape change and the lattice 
coherency at the interface between the product and parent phases.
In diffusional transformation, the new phase is formed by a one by one atom transfer 
across the interphase interface. Therefore no strain, no coherency and no surface tilting 
can be associated with the transformation. Thus, any surface relief effects are a simple 
consequence of the change in density and do not correspond to co-ordinated atomic
displacement
The surface relief studies were designed to distinguish between these two possibilities.
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Procedures and Equipment
The surface relief effects were studied in two ways.
(a) A LEITZ MM6 metallograph was used to examine the surface relief on a 
metallographically polished surface of a specimen that had been partly second stage 
tempered. The relief was observed under oblique illumination in regions that had been 
delineated with micro-hardness indentations. The specimens were then lightly polished 
and etched in 2.5% nital to reveal the microstructure in the delineated field. The 
microstructure and surface relief effects were then correlated.
(b) A ZEISS D-7082 microscope with Mirau double-beam interference attachment was 
used to observe surface relief effects and determine the geometrical shape of the surface 
irregularities. The wavelength of the monochromatic light used to illuminate the specimen 
was X = 546 nm so that in interferograms, the height differential corresponding to two
adjacent contours is half the wavelength, that is 273 nm.
5.3.3 Habit Planes of Platelets in Temper Product
Objective
Martensite generally forms from austenite during quenching and has a habit plane which 
depends on carbon content. For C < ~1.4 % the habit plane is near (225)y, while for 
higher carbon contents the habit plane is near (259)y (26). Thus, for the alloy used in this 
investigation (1.86 % C), it would be expected that the habit plane of the martensite would 
be near (259)Y.
However it has also been shown (3) that martensite forms during cooling after tempering 
at temperatures up to about 200°C. The habit plane for this martensite (which has been 
termed 'secondary martensite') was also found to be (259 )y.
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Kennon and Burgess (8) noted another type of product which formed during tempering 
and appeared as small lenticular platelets which evidently generated geometrical surface 
relief effects. .
A third lenticular product was observed in the present investigation. This product appeared 
as small platelets which appeared to develop from (large) tempered plates (as shown in 
Fig. 6.16). As these platelets were present after tempering at temperature associated with 
second stage processes, they may be a second stage product.
The present study was undertaken to determine the habit plane of these small platelets and 
thereby to obtain information about the nature of them.
Procedures and Equipment
To produce the platelets of the temper product, quenched specimens were tempered as 
described in Subsection 5.2.2 and the two surface analysis method used to determine the 
habit planes of the platelets of temper product as well as of the plates of original 
martensite.
Habit planes are usually expressed in terms of the parent lattice. The orientation of the 
austenite grain, within which the platelets formed, was established using vestiges of two 
non-parallel annealing twins. As it is known that the annealing twins in austenite always 
occur on {111 }7 planes, the orientation of the two non-parallel {111 }T planes in a grain 
uniquely defined the orientation of the lattice of that grain relative to the external geometry 
of the specimen.
The orientation relationships among the surfaces, twin interfaces and martensitic habit 
planes are schematically shown in Fig. 5.2. The interfacial angle 0 between two 
metallographic polished surfaces was measured using a Unicam S25 single crystal, three 
circle, goniometer; and angles such as a, P between twin traces and the reference edge,
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and angles such as p, z  between the habit planes and the reference edge were measured 
using the rotation stage of the LEITZ MM6 metallograph.
This method required preparation of a sharp edge between the two polished surfaces to 
enable accurate angular measurement to be made, especially for the very small platelets of 
temper product. To prepare a sharp edge, a technique developed by McDougall and 
Kennon (64) was applied. The two surfaces were prepared by always trailing the direction 
of intersection during grinding and during polishing which was carried out on napless 
cloths charged with 6 pm and 1 pm diamond polishing medium.
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Fig. 5.2 D i a g r a m  s h o w i n g  a n g l e s  m e a s u r e d  f o r  h a b i t  p l a n e ;  t: tw in  
t r a c e s ;  a ,  P, y a n d  5: a n g le s  b e tw e e n  tw in  t r a c e s  a n d  r e f e r e n c e  e d g e ;  p 
a n d  t : a n g l e s  b e t w e e n  m a r te n s i t i c  h a b i t  p l a n e  t r a c e s  a n d  th e  r e f e r e n c e  
e d g e ;  6 : a n g l e  b e t w e e n  n o r m a l s  o f  s u r f a c e s  A  a n d  B.
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The metallographically polished specimens were etched in a saturated solution of picric 
acid in ethyl alcohol to which a few drops of concentrated HC1 were added. This etchant is 
effective for delineating both twin vestiges and products of martensitic transformation.
5.4 TRANSMISSION ELECTRON MICROSCOPY
The mechanisms of phase transformations may be deduced by identifying the phases 
formed and analysing the microstructures of the products. Microstructural detail such as 
nature of the interface between two phases, growth fronts and structural defects can be 
only detected by using high resolution metallography and new phases can be identified 
from indexed diffraction patterns.
limited
Because of limitations imposed by the relatively high- resolving power in optical
A
microscopy, transmission electron microscopy (TEM) was used to study the details of the 
microstructure of the finely dispersed product and to identify the carbide in that product. A 
JEOL 2000 FX transmission electron microscope was used to examine two stage gold 
shadowed carbon replicas and thin foils, and to obtain selected area electron diffraction 
patterns for identification of the carbides.
5.4.1 Thin Foils
Objective
Transmission electron microscopy of thin foil was carried out to study the detailed 
morphology of the second stage temper product and to identify the carbide in the product 




Thin foils were prepared by grinding metallographic specimens equally from both sides to 
obtain a thickness of about 0.5 mm, cutting the ground specimen to 3 mm diameter discs 
with a spark cutter, and further grinding equally from both sides of the discs to a thickness 
of 50 |im. The discs were then electropolished to perforation in a solution of 10% 
perchloric acid and 90% acetic acid using a double-jet electropolisher operated at a current 
of 60 mA and a solution temperature of 12°C.
5.4.2 Two Stage Gold Shadowed Carbon Replicas
Objective
A TEM study of two-stage gold shadowed carbon replicas was designed to obtain 
information about comparative effects of pre-existing martensite and bainite on the 
progress of the second stage processes.
Procedures and Equipment
To prepare the replicas, tempered specimens were metallographically polished and then 
etched in 2.5% nital for 20 seconds. A small amount of (methyl acetate) solvent was 
dropped to spread on the etched surface of the specimen. Before the solvent volatilized, a 
piece of acetyl cellulose film, 0.034 mm in thickness, was laid over the specimen. After 
the solvent volatilized, the replica was carefully stripped from the specimen. To clean the 
surface of the specimen, the first three replicas were discarded. This first-stage replica was 
gold shadowed at an angle of 45° and then carbon coated for reinforcement. Both the gold 
shadowing and carbon coating were applied using a the DYNAVAC evaporative coater. 
Then the first-stage replica was dissolved and the finished replica was cleaned in methyl
acetate and collected on a coppei grid.
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6. RESULTS AND DTSCUSSION
In previous studies of the second stage of tempering, the main arguments concerned the 
mechanism of transformation of the austenite. It is martensitic or diffusional? Uncertainties 
also concerned the reaction products and three different suggestions have been offered 
about the carbide in the decomposition product. According to these suggestions, it has 
been identification as e-carbide, or cementite, or 0'-cementite.
The studies that are described in Chapter 5 were designed to help elucidate and clarify 
these uncertainties.
There are at least two types of product that have been described after second stage 
tempering. One is a diffusional product that is probably a dark etching carbide/ferrite 
composite, and the other is white etching so-called 'secondary' martensite. Since the latter 
forms from the austenite remaining after tempering, presumably during cooling from the 
tempering temperature, it cannot be properly regarded as part of the second stage product. 
However, there appears to be a third type of product comprising small platelets which are 
dark etching, and therefore must be duplex and most probably formed during heating or 
holding at the second stage tempering temperature.
This investigation was principally concerned with the diffusional product, but the habit 
planes of the small platelets of temper product were also determined to provide information 
about the identity and mechanism of formation.
In this Chapter, the experimental results comprising surface relief effects generated dunng 
the second stage, morphologies of the products, comparative effects of pre-existing
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maitensite and bainite on the progress of the second stage, the indexing of carbide in the 
decomposition product, and the habit planes and identity of small platelets present in the 
products are analysed and discussed. Finally, a mechanism of second stage tempering is 
offered.
6.1 SURFACE RELIEF EFFECTS
6.1.1 Morphology of The Product of The Second Stage
Previous work (7) has established that for a 1.86 wt% C steel, austenite is retained after 
water quenching and transformations of the second stage occur in the temperature range of 
about 210 -300°C.
For comparison, Fig. 6.1 (a) shows plates of martensite formed during quenching and 
Fig. 6.1 (b) shows the morphology of the product of the second stage. During tempering 
some of the austenite remaining after quenching had decomposed to a dark etching product 
present around the (first stage) tempered plates of maitensite and is readily distinguished 
from those plates. The product seems to have no definite morphology.
Growth of product appears to be independent of the size of the martensite plates as the 
thickness of the product around large plates and small plates of (tempered) martensite is 
about the same, Fig. 6.1 (b). However this observation does not mean that 
decomposition of austenite during the second stage is independent of the first stage 
reaction. Barbaro (56) found that formation of the decomposition product around the 
plates of 'secondary' martensite was usually retarded. During the first stage of tempering, 
transformation of martensite into e-carbide and lower carbon martensite changes the
volume of the martensite plates, thereby causing stress around the plate and changing the 
carbon content in the matrix of (lower carbon) martensite. These changes may influence
Results and discussion
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Fig. 6.1 (a) P h o t o m i c r o g r a p h  s h o w i n g  th e  m o r p h o l o g y  o f  p l a t e s  o f  
m a r t e n s i t e  f o r m e d  in  a  q u e n c h e d  1 .8 6  %  C  s t e e l ;  h o t  m o u n te d ,  e t c h e d  
in  2 . 5 %  n i t a l , x 5 0 0 .
Fig. 6.1 (b) P h o t o m i c r o g r a p h  s h o w i n g  th e  m o r p h o l o g y  o f  th e  p r o d u c t  
o f  t h e  s e c o n d  s t a g e  o f  t e m p e r i n g  in  a  q u e n c h e d  1 .8 6  %  C  s t e e l  a f t e r  
2 3 5  °C 1 h o u r  t e m p e r i n g ;  e t c h e d  in  2 . 5 %  n i t a l , x 5 0 0 .
Results and discussion
1 1
the nature of the phase reactions in the second stage.
For high carbon steel, some bainite may form at, or adjacent to, the austenitic grain 
boundaries during slow or inefficient quenching as shown in Fig. 6.2 (a). It was found in 
the present investigation that the second stage reaction product formed at both the interface 
between austenite and tempered martensite (M) and the interface between austenite and 
bainite (B) as shown in Fig. 6.2 (b). Some transformation product also occurred within 
the austenite grains (G) possibly because of pre-existence of impurities, local structural 
defects or the presence of martensite or bainite just above or just below the plane of polish. 
These observations strongly suggest that the results of previous studies, that the 
decomposition begins only at the interface between austenite and tempered martensite (8, 
37), needs to be reviewed.
6.1.2 Surface Relief Effects
Generally the surface relief effects on a quenched and polished specimen tempered at a 
temperature within the second stage will comprise features associated with both the first 
stage and the second stage processes.
The surface relief effects generated during the first stage of tempering, together with the 
underlying microstructure are shown in Fig. 6.3 (a and b). The relief effects were 
necessarily associated with:
(a) formation of light etching plates of (secondary) martensite,
(b) the formation of dark etching small platelets of temper product from the austenite,
(c) the decomposition of the (primary) martensite into e-carbide and low carbon 
martensite, and
(d) possible effects due to changes in stress and the consequential strain.
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Fig. 6.2 (a) P h o t o m i c r o g r a p h  s h o w i n g  b a i n i t e  f o r m e d  n e a r  a n  a u s t e n i t i c  
g r a i n  b o u n d a r y  in  a  ( i n e f f i c i e n t )  q u e n c h e d  1 .8 6 %  C  s t e e l ;  1 1 5 0 ° C  0 .5  
h o u r  w a t e r  q u e n c h i n g ,  e t c h e d  in  2 .5 %  n i ta l ,  x 5 0 0 .
Fig. 6.2 (b) P h o t o m i c r o g r a p h  s h o w i n g  s e c o n d  s t a g e  t r a n s f o r m a t i o n  
p r o d u c t  a r o u n d  m a r t e n s i t e  (M ) ,  b a i n i t e  ( B )  a n d  w i t h i n  th e  a u s t e n i t e  
g r a i n s  ( G )  in  a  q u e n c h e d  1 .8 6  %  C  s t e e l  a f t e r  2 3 5 °C 1 h o u r  t e m p e r in g ;  
e t c h e d  in  2 . 5 %  n i ta l ,  x 5 0 0 .
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Fig. 6.3 P h o t o m i c r o g r a p h s  s h o w i n g : (a) s u r f a c e  r e l i e f  e f f e c t s
a s s o c i a t e d  w i th  f i r s t  s t a g e  t e m p e r in g  o f  a  1.86 % C s t e e l ;  t e m p e r e d  a t  
1 9 5  ° c  f o r  2  h o u r ,  o b l i q u e  i l lu m in a t i o n ,  x 5 0 0 .  (b) m i c r o s t r u c t u r e  o f  
s a m e  a r e a  a f t e r  l i g h t  p o l i s h i n g  a n d  e t c h e d  in  2 .5  %  n i ta l ,  x 5 0 0 .
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For study of relief associated with second stage processes, the first stage component of 
surface relief was reduced to a minimum by tempering specimens at 195°C for 2 hour, 
then polishing them and retempering at 215°C, (at which the second stage reaction**!^ 
imminent) for 1 hour. After this second first stage tempering treatment, the polished 
surface was almost devoid of irregularities indicating that the first stage processes were 
(nearly) complete and that there should be no complicating first stage relief effects during 
second stage tempering. The specimen was then repolished and second stage tempered at 
235°C for 1 hour to generate the surface relief effects associated second stage processes.
Surface relief effects mainly associated with the second stage processes together with the 
underlying microstructure are shown in Fig. 6.4 (a and b).
The surface relief effects shown in Fig. 6.4 (a) are obviously less pronounced than those 
associated with first stage tempering and shown in Fig. 6.3 (a). These effects are 
obviously mainly due to second stage tempering processes but, the effects of first stage 
cannot be absolutely excluded as it is known that the reactions of the first and second 
stages of tempering overlap considerably in temperature.
Figure 6.4 (b) shows the microstructure comprising first stage tempered martensite, 
second stage temper product and untransformed austenite which necessarily related to the 
relief effects shown in Fig. 6.4 (a). Clearly, the austenite had decomposed mainly at the 
interface between austenite and (tempered) martensite.
To further study the relief and to avoid interference from pre-existing martensite, a small 
area of austenite in a particular specimen was selected for sequential observation. The 
surface relief effects and the microstructures in that area, after successive second stage 
tempering treatments are shown in Fig. 6.5 (a - c).
Figure 6.5 (a) shows the microstructure of the specimen after tempering at 195 C for 2 
hour and 215°C for 1 hour, but before the second stage had begun. A micro-indentation,
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Fig. 6.4 P h o t o m i c r o g r a p h s  s h o w i n g : (a) s u r f a c e  r e l i e f  e f f e c t s
a s s o c i a t e d  w i t h  th e  s e c o n d  s ta g e  o f  t e m p e r i n g ; s p e c i m e n  t e m p e r e d  a t  
1 9 5  °C f o r  2  h o u r , p o l i s h e d ,  r e t e m p e r e d  a t  2 1 5 ° C  f o r  1 h o u r ,  p o l i s h e d  
a n d  f i n a l l y  t e m p e r e d  a t  2 3 5 °C f o r  1 h o u r .  O b l iq u e  i l lu m in a t i o n ,  x 5 0 0 .  
(b) m i c r o s t r u c t u r e  o f  s a m e  a r e a  a f t e r  l i g h t  p o l i s h i n g  a n d  e t c h e d  in  
2 . 5 %  n i t a l ,  x 5 0 0 .
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located at M, was used to identify the location of the region abed of austenite chosen for 
detailed study.
Surface relief effects generated by the second stage process are shown in Fig. 6.5 (b) and 
the underlying microstructure evident after light polishing and etching in 2.5 % nital is 
shown in Fig. 6.5 (c). By reference to the indentation mark M, the original area abed was 
easily identified and the following observations made.
(a) There is some slight surface relief associated with the four plates of martensite that 
delineate the area abed. These effects are most likely associated with volume changes due 
to the continuation of first stage tempering of the plates by precipitation of additional e- 
carbide and reduction of the carbon content of the martensite. The volume change due to 
this reaction is negative so that the volume of the plates would decrease and the relief
Fig. 6.5 (a) Photomicrograph showing the microstructure o f a 1.86 C 
steel after 195 C 2 hour and 215°C 1 hour tempering and the region 
o f the austenite (abed), near to a micro hardness indentation M, 
chosen fo r  continued study; etched in 2.5% nital, x500.
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Fig. 6.5 (b) P h o t o m i c r o g r a p h  s h o w i n g  s u r f a c e  r e l i e f  e f f e c t s  in  th e  
a r e a  a b e d  a f t e r  s e c o n d  s ta g e  t e m p e r i n g  a t  235 °C f o r  1 h o u r ,  o b l i q u e  
i l l u m i n a t i o n ,  x 5 0 0 .
Fig. 6.5 (c) Photomicrograph showing the microstructure in the area 
abed after light polishing and etched in 2 .5  %  nital, x 5 0 0 .
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would comprise depression of the surface of the plate below the general surface of the 
specimen.
(b) Additional to the continued first stage tempering of the martensite plates, second stage 
transformation of the austenite adjacent to the plates had occurred as shown in Fig. 6.5(c). 
The thin layer of transformation product necessarily results in an increase in volume as it 
most likely occurs by replacement of the close packed structure of fee austenite with a less 
close packed structure of bcc ferrite and carbide. Thus the relief comprises small 
projections above the original surface and along the traces of the martensite plate. As these 
projections are barely discernible, it is not possible to determine whether they correspond 
to martensitic transformation (lot see Subsection 2.2.2). The small dimensions of the 
relief effects are due to the combined effects of the expansion by second stage processes in 
the layer of austenite and compensating contraction due to continued first stage tempering 
of the adjacent martensite.
(c) Generally the surface of the area abed remained unchanged except for some small 
areas of relief associated with localised second stage transformation of the austenite (see 
Fig. 6.5 (c)). It is not possible to discern whether the relief effects have the specific 
geometrical characteristic of martensitic transformation (lot see Subsection 2.2.2). 
However, the relief effects do not appear to display the geometrical characteristics of a 
homogeneous shape strain which implies that the second stage reaction may not occur by a 
martensitic process. The small projecting features may be only associated with the volume 
expansion accompanying decomposition of austenite into ferrite and carbide which is 
accompanied with about 3.9 % volume expansion due to the crystal structure change.
Figure 6.5 (c) shows the microstructure after the second stage of tempering as related to 
Fig. 6.5 (a and b). Clearly, at a temperature of 235°C, decomposition of austenite not only 
occurred around the (first stage) tempered martensite plates but also in the austenite
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probably at impurities and structura/defects in the austenite and the rate of formation of 
product within the austenite is obviously lower than around the tempered martensite plates. 
The photomicrograph also shows that the rate of formation of product in the region near 
the micro hardness indentation is remarkable higher than in other regions strongly 
suggesting that the transformation may be strongly affected by strain.
Interference Microscopy
A two beam interference microscope with green filter was used to study the topography of 
surface relief effects generated in the second stage. Figure 6.6 (a and b) shows typical 
interferograms.
The interferogram, Fig. 6.6 (a) shows almost straight interference fringes in a region of 
untransformed austenite indicating that the surface is flat and devoid of any irregularities. 
Complex fringes associated with transformation product and shown in Fig. 6.6 (b) 
indicate that the surface topography in that particular area was changed by the processes 
occurring during the final tempering at 235°C. These relief effects are difficult to interpret, 
but the effects in an isolated area, shown in Fig. 6.7, can be interpreted with reasonable 
confidence. The irregularities, Fig, 6.7 (a), are associated with dark etching product, such 
as shown in Fig. 6.5 (c), which formed adjacent to several first stage tempered martensite 
plates which can be discerned easily.
Quantitative measurement of the corresponding interference fringes, Fig. 6.7 (b), shows 
that the height difference between the ridges and troughs of the relief effects, Fig. 6.7 (b) 
is less than 270 nm. Additionally, the gently curved fringes strongly suggest that the 
effects lack the geometrical characteristic which would correspond to a homogeneous 
strain and so indicated that the second stage transformation process is probably not 
martensitic. On the other hand, the curvature suggests that the effects are a simple
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Fig. 6.6 (a) Interferogram showing almost straight fringes associated 
with an area o f austenite in a polished 1.86 % C steel after 235 °C 1 
hour tempering; two beam interferometer, x500 .
Fig. 6.6 (b) Interferogram showing complex fringes associated with 




Fig. 6.7 Photom icrographs showing topographic image (a) a n d  
corresponding interferogram  (b) o f surface relief effects generated 
during the second stage; quenched 1.86 % C steel tempering at 235°C 
fo r  1 hour; oblique illumination fo r  (a), two beam interferometer fo r  
(b), x5 0 0 .
Results and discussion
8 8
consequence of an increase in volume of the transformed region and that the process is 
basically diffusional.
6.2 TRANSMISSION ELECTRON MICROSCOPY
Transmission electron microscopy (TEM) was used to:
(a) observe the morphologies of second stage temper product in thin foils,
(b) identify the carbide in the product by selected area electron diffraction from 
thin foils, and




The morphology of the product of the second stage was studied by TEM of thin foils.
Foils were prepared from the 1.86% C steel water-quenched from 1150°C and tempered at 
235°C for 1 hour so that part of the retained austenite was decomposed during the
tempering process.
A typical region showing second stage temper product adjacent to a first stage tempered 
martensite plate is shown in Fig. 6.8. The central part of the structure is tempered 
martensite plate (M) containing many twins (T) on one side of a midrib (R). Ribbon like 
carbides had formed along the twin boundaries during the first stage of tempering and 
should be the e-carbide. The twins are less clearly evident on the other side of the midrib
and the dispersed carbide may be rod shaped in three dimensions.
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The second stage decomposition product (P) is present as a layer on the surface of the 
tempered plate of martensite and the matrix is the untransformed austenite (A). The 
morphology of the product is consistent with a previous conclusion (8) that it comprises a 
coarse irregular duplex aggregate most likely of ferrite and carbide, and is located 
between the austenite and tempered martensite.
A more detailed electron micrograph (Fig. 6.9) shows that the product and the tempered 
martensite are not separated by a clearly delineated interface, and that some carbides in the 
product extend into the (tempered) martensite. Additionally, the carbides have a range of 
morphologies and, at the growth front of the product, are in direct contact with the 
austenite. There are dislocation arrays in the austenite ahead of these carbides and the 
boundary between the product and austenite is irregular.
Fig. 6.8 Transmission electron micrograph from a fo il showing the 
morphology o f the product of the second stage of tempering in a 
quenched 1.86 % C steel after tempering at 235°C for 1 hour, X60000.
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Fig. 6.9 Transmission electron micrograph o f a fo il showing detailed 
structure o f the second stage product in a quenched 1.86 % C steel 
tempered at 235°C fo r  1 hour, x l 00000.
These observations, that the structures of the product and of the tempered martensite are 
(at least partially) continuous, support the postulation (8) that the formation of the product 
begins at the interface of the tempered martensite perhaps by direct growth from the 
structure of the martensite.
From Fig. 6.9, it can be seen that some carbides in the product near the tempered 
martensite extend into the tempered martensite. It is not clear whether these carbides first 
formed in the tempered martensite then grew into the austenite thereby inducing 
decomposition transformation, or whether they first formed during austenite 
decomposition processes then grew into the tempered martensite stimulating further (first 




Morphological features of the second stage product, as shown in Fig. 6.9, can be used to 
evaluate the proposal (8) that the product is basically ferritic and not bainitic.
A distinct feature of lower bainite is that the carbide platelets within the bainitic ferrite plate 
are generally formed in a single crystallographic orientation. Many previous works (65 - 
68) showed that the carbide platelets have the long axis inclined at about 60° to the growth 
direction of the ferrite. The observation that there are many crystallographic variants (or 
orientations) of carbides in the second stage product of decomposition of austenite 
strongly implies that the product cannot be lower bainite.
Although the boundary between the product and austenite appears to be smooth and sharp 
when observed by optical microscopy, TEM shows that it is irregular, Fig. 6.9. This 
observation has implications concerning the mechanism of the growth of the second stage 
product.
A diffusional growth theory proposed by Hultgren (69) and recently developed by Lee et 
al (70) suggested that both pearlite and bainite grow by diffusional transformation, but 
whereas the ferrite and cementite grow co-operatively in pearlite, they grow at different 
rates in bainite. Although this theory denies the martensitic characteristic of bainitic 
transformation, the conclusion is valid for explaining the growth of the product of the 
second stage of tempering. Clearly, Fig. 6.9 shows that the carbide and ferrite grew 
simultaneously into the austenite at the expense of austenite, but growth of carbide was 
slower than growth of ferrite and so formed the undulated growth front with the carbides
finally sealed by advancing ferrite.
More careful observation indicated that there were dislocation arrays at the front of 




Many dislocations in austenite retained after quenching are associated with the severe 
strain imposed by the martensitic transformation. From considerations of the processes 
occurring in martensite during the preliminary stage of tempering, it would be expected 
that after quenching, carbon atoms in the austenite would redistribute, especially at higher 
temperature, and tend to segregate to grain boundaries and dislocations. The carbon 
enriched dislocation arrays could then play an important role in the decomposition of 
austenite by offering nucleating sites for the formation of carbide. Subsequent growth of 
carbides along these dislocation arrays should be much faster due to carbon enrichment, 
and the availability of high diffusivity paths for interstitial carbon atoms and iron by the 
vacancy mechanism. Upon reaching the end of these arrays, the growth rate of carbide 
would be expected to decrease rapidly, thereby losing co-operation with the growth of 
ferrite and finally the carbide would be sealed by the growing ferrite. As a consequence, it 
would be expected that the many variants of dislocation arrays in the austenite would result 
in many variants of carbide in the product, as observed.
6.2.2 Selected Area Diffraction Patterns
Carbide
Although there is still no precise terminology for ’bainite' that is widely accepted, it is 
generally agreed that bainitic transformation in steel involves martensitic transformation of 
the austenite structure to form ferrite and diffusional movement of interstitial carbon atoms 
to form carbide. For upper bainite, the carbide is generally accepted to be cementite, while 
for lower bainite, it is generally accepted to be hexagonal e-carbide. Thus, study of the 
carbide in the product of the second stage of tempering can provide indirect information 
about the mechanism of transformation. For example, it has been suggested that the 
product of the second stage was lower bainite because e-carbide was detected in that
product (51, 61). This conclusion has not been generally accepted (25).
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Selected Area Diffraction Patterns
Selected area electron diffraction patterns were obtained from the particular product area 
shown in Fig. 6.9 and have been indexed to show that the carbide was chi (%)-carbide. A 
typical pattern and the indexing of %-carbide is shown in Fig. 6.10 (a and b). In Fig.6.10 
(a), the diffracted spots occur closely around the transmitted spot and were indexed to be 
%-carbide with incident beam direction [102], Fig. 6.10 (b). The extra reflections are due 
to ferrite matrix, and possibly remaining austenite. No e-carbide or cementite could be 
found in any patterns. Details of the indexing processes and data are given in Appendix II 
(Section 8.2).
Chi (%)-carbide is also called Hagg carbide, and was first found by Hagg in 1934 (14). It 
is monoclinic with a = 1.1563 nm, b = 0.4573 nm, c = 0.5085 nm and p = 97.44°. The 
ratio of Fe/C is 2.2 - 2.5. It exists in a range of temperatures intermediate between, and 
overlapping with, those of 8- and 0-carbide and has been direcdy observed in carbon steel 
after tempering at 250°C for 5 hour (16). In addition, a transition %-carbide has been 
found co-existing with cementite to form the so-called B'-particles (58).
The results of this identification support the suggestion that the carbide in the product 
forms directly from austenite and implies that the product is not lower bainite since there is 
no e-carbide in the product.
It should be pointed out that these results differ from previous work by Nakamula and 
Nagakula (58). The carbides they found in a thin foil of 1.5% carbon steel tempered at 
210°C in high vacuum, and observed in situ, were cementite and 0 '-carbide which 
however, is a combination of cementite and %-carbide. The difference in carbon contents, 
in the heating and in the observation conditions may be significant in explaining the 
different experimental results. Additionally, the transformations of the second stage are
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geneially faster and occur at a lower temperature on the surface of specimen than in the 
body, so that the difference in products could be also due to different stress conditions.
(a) Diffraction pattern. (b) Monoclinic %-carbide [102]
(200 kV, 50.0 cm)
Fig. 6.10 (a) A diffraction pattern obtained from  the particular 
product area in Fig. 6.9, and (b) the indexing o f x-carbide.
6.2.3 Two Stage Gold Shadowed Carbon Replicas
General features of the transformation products were studied using TEM of two stage gold 
shadowed carbon replicas.
Second stage temper product occurred around plates ol first stage tempered martensite as 
has been previously observed by Kennon and Burgess (8) (see Fig. 4.5), and occurred as 
small isolated areas in the retained austenite as has been observed in present investigation 
(see Fig. 6.5 (c)). The product also occurs around pre-existing plates of (upper) baimte 
present as a consequence of inefficient quenching (see Fig. 6.2).
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An electron micrograph, Fig. 6.11 (a), obtained from a two stage gold shadowed carbon 
replica of a specimen tempered at 235°C shows the product around the upper bainite. The 
bainite is present as long lenticular plate-like features, ’feathery bainite', which are 
essentially parallel and associated with an austenitic grain boundary. The flat featureless 
region is austenite, and the irregular area around the bainite is the second stage temper 
product. More detail structures of product forming between the bainite (plates) is shown in 
Fig. 6.11 (b). Clearly, formation of the product around the bainite was not uniform, as 
distinct to formation of product around the first stage tempered martensite plates (refer to 
Fig. 4.5). Figure 6.12 (a) shows that more product occurred at the tip of the bainite and 
Fig. 6.12 (b) shows uneven formation of the product along the two sides of a bainite 
plate.
Detailed comparison of the products formed around bainite (B) and around tempered 
martensite (M) as shown in Fig. 6.13, and in more detail in Fig. 6.14 (a and b), indicates 
that the two products are indistinguishable.
The nature of the product shown in these several figures also confirmed previous studies 
(8) that it consists of an irregular aggregate probably of the two phases ferrite and carbide.
Second stage temper product also occurred adjacent to austenitic grain boundaries in the 
absence of bainite or martensite as shown in Fig 6.15.
The previous proposal (8) that the second stage product may form without nucleation by 
growth directly from the structure of first stage tempered plates is not supported by the 
observations described in this section. Observation that the product forms adjacent to the 
grain boundary and around pre-existing bainite strongly suggests that it is nucleated 
independently (probably preferentially at existing interfaces) and grows as a duplex 
product. Identification of carbide in the product as x-carbide supports this conclusion as 




Fig. 6.11 Transmission electron micrographs o f  two stage gold 
shadowed carbon replica showing the structure o f the second stage 
temper product occurring around plates o f bainite after tempering at 




Fig 6.12 Transmission electron micrographs o f two stage gold 
shadowed carbon replica showing that more product occurs at the tip 
o f a plate o f bainite (a), and uneven formation o f the product along 




Fig. 6.13 Transmission electron micrographs o f two stage gold 
shadowed carbon replica showing the products around tempered 
martensite (M) and around the bainite (B) in a quenched 1.86 % C 




Fig. 6.14 Transmission electron micrographs o f two stage gold 
shadowed carbon replica showing the products around tempered 
martensite (a) and bainite (b) in a quenched 1.86 % C steel after 
235 °C 1 hour tempering, x40000.
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Fig. 6.15 Transmission electron micrograph o f two stage gold 
shadowed carbon replica showing the product adjacent to an austenitic 
grain boundary in the absence o f martensite or bainite in a quenched 
1.86 C steel after 235 °C 1 hour tempering, x6000 .
6.3 P L A T E L E T S  O F  T E M P E R  P R O D U C T
In addition to the diffusional product, two kinds of small plates also occurred in the 
microstructure after the second stage tempering. One kind of plates were those observed 
and measured by Barbaro and Kennon (7) and identified as martensite from the surface 
relief effects, tempering behaviour and habit plane. The second kind occurred as very 
small platelets, usually associated with primary martensite (as side plates), and shown in 
Fig. 6.16.
This section is concerned with determination of the habit plane of these small platelets to 
attempt to identify the nature of this product.
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6.3.1 Morphology of Platelets of Temper Product
The morphology of the platelets of temper product is shown at T in Fig. 6.16, clearly the 
products occurred as small dark etching lenticular regions in parallel orientation along the 
interface of the austenite and plate of (first stage) tempered martensite.
It is well established that martensite forms by nucléation and growth, and that growth of a 
plate is stopped by obstructions such as grain boundaries and pre-existing martensite 
plates. According to the mode of nucléation, growth and partitioning of austenite, the
Fig. 6.16 Photomicrograph showing the morphology o f dark etching 
small platelets o f temper product (T) in a 1.86 % C steel after 215 C 
1 hour tempering; 2.5% nital. x!500 .
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formation of plates has been classilied as single plate partition, group burst of plates and 
zig-zag growth (71 - 73).
For single plate partition mode (66), the plates of martensite nucleate independently within 
the austenite grains and grow until they meet obstructions such as austenite grain 
boundaries and pre-existing martensite plates. The consequential partitioning of an 
austenite grain is illustrated in Fig. 6.17 (a).
For a group burst of plates (72), embryos of the new phase are autocatalystically activated 
at the interface between austenite and pre-formed martensite plates. Some of these 
embryos then develop into clusters of nuclei and grow in parallel direction until that 
growth is halted by pre-existing plates or grain boundaries as shown in Fig. 6.17 (b).
In zig-zag growth (73), plates of martensite are nucleated at the interface between austenite 
and a pre-existing martensite plate and, where a growing plate impinges on the pre-
Fig. 6.17 Schematic diagram showing martensite form ation modes: 




existing plate, new plates grow in a zig-zag fashion as shown schematically in 
Fig.6 .17(c).
If the small platelets of temper product (Fig. 6.16) are martensite, it is expected that they 
would nucleate at the defects on the interface between the tempered original martensite 
plates and austenite. Growth to form parallel arrays along the interface then strongly 
suggests that the growth mode corresponds to the group burst of plates.
The observation that the small platelets are dark etching in nital strongly implies that they 
could not have formed as martensite during cooling from the tempering treatment in which 
case they would etch light. Consequently, they must have formed during heating and/or 
during the (isothermal) tempering processes. Clearly, these dark etching platelets of 
temper product are different from light etching plates observed by Kennon and Barbaro (7, 
56) and proved to form by the mode of single plate partition. The platelets were too small 
for study using interference methods so that the nature of any surface relief effects 
associated with them could not be ascertained.
The distinct characteristic of the platelets, that spontaneous growth halted without 
impingement on pre-existing martensite plates or austenite grain boundaries is at variance 
with the normal concept that growth of plates is stopped by such barriers and indicates the 
mechanism of formation of the platelets may be different from that of the primary 
martensite (during quenching) or the secondary light etching plates.
Although the mechanism for formation of these platelets is still not clear, the 
transformation should be affected by temperature (driving force), stress and the defects 
pre-existing at the surface of tempered martensite plates. In some specimens, large 
numbers of small platelets formed as evident in Fig. 6.18 which shows many small 
platelets of temper product in a quenched 1.86 % carbon steel after tempering at 195 C for 
1 hour. The dark etching platelets have essentially a single orientation around each plate of
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Fig. 6.18 Photomicrograph showing large numbers o f small platelets 
form ed in a quenched 1.86 % carbon steel tempering at 195°C fo r  1 
hour; etched in 2.5 % nital, x500.
tempered original martensite and clearly stopped growing spontaneously without 
impingement.
6.3.2 H abit Plane of Platelets of Temper Product
Martensitic transformation theory has advanced in two parallel but complementary 
branches. One concerns the thermodynamics and kinetics and the other concerns the 
geometry and crystallography. The latter branch was simultaneously and independently 
developed by Bowles and Mackenzie (22) and by Wechsler, Lieberman and Reed (75) and 
although the approaches they adopted were somewhat different, the results are essentially 
the same.
The crystallographic theory is phenomenological taking account only of the geometrical 
relationships between the initial and final structures in a transformation no matter how the 
atoms moved during the transformation. According to this theory, the geometrical shape
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change on a macroscopic scale is closely related with the crystallographic lattice strain and 
the relationship can be quantitatively determined in some cases such as diffusionless 
transformation in iron and Fe-Ni alloys (76), the relative slow transformation in AuCd 
alloy (77), precipitation reaction in Cu-Be alloys (78), and the order - disorder 
transformation in CuAu (79). The theory also has been applied to the bainitic 
transformation (80). This theory requires that the orientation relationship between the 
product and parent phase satisfies certain conditions and the habit plane for martensitic 
transformation is definite although usually irrational.
In the present work, the habit planes for the primary martensite and the small (burst form) 
platelets have been measured by a standard two surface analysis using two non-parallel 
twin vestiges to establish the orientation of the lattice of the parent austenite grain.
The results show that the habit planes for the platelets of temper product were near {225)T, 
while the habit planes for the original martensite plates in the same austenite grain were 
close to {259 }T as expected, and as shown in Fig. 6.19 (a and b). Detailed experiment
data are presented in Appendix I (Section 8.1).
The result that the platelets of temper product form with a {225 }T habit plane could 
strongly suggest that the platelets form martensitically. However, it is curious that, in the 
same austenite grain, all platelets of temper product have a {225 }y habit plane while all the 
original martensite plates have a habit plane near {259}y.
Greninger and Troiano (26) established that the habit planes of martensite in steel were 
irrational and that for high carbon steel containing less than 1.4 wt% C, the habit planes 
were near {225}T while for steel containing more than 1.5 wt% C, the habit planes were 
near {259}Tas shown in Fig. 6.20. From these results it was concluded that the habit 
plane indices varied with the average carbon concentration in the steel and this result has 
been subsequently confirmed many times. This dependence of habit plane on carbon
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Fig. 6.19 Stereographic projections o f the lattice o f austenite, 
showing habit planes fo r  (a) plates o f original martensite, and (b ) 
small platelets o f temper product, quenched 1.86 wt% C plain steel 
after 215°C 1 hour tempering.
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content seems to be at variance with the present result that two sets of habit planes 
occurred in the same austenite grain and the platelets occurred on a {225 }Y habit plane 
rather than {259}Y as expected for a 1.86 % C steel.
There are three possible explanations for this apparent anomaly.
(1) The carbon concentration changed from 1.86 % to lower than 1.40 % in the austenite 
remaining after quenching and tempering. There is no experimental observation to support 
means by which this reduction could occur.
(2) As the formation of primary martensite during quenching and the transformation of that 
martensite into 8-carbide and low carbon martensite during tempering impose considerable 
strain on the untransformed austenite, it is conceivable that this strain could change the 
martensitic habit plane from {259 }Y to {225 }Y. In terms of this possibility, the platelets 
could be one type of isothermal martensite such as studied by Kennon and Edwards (81,
Fig. 6.20 Stereographic projection showing martensitic habit planes 
in 1.78, 1.40 and 0.92 wt% C steels (26).
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82). That work proved that isothermal martensite forms at temperatures both below and 
above Ms, and has a morphology closely resembling the morphologies of both tempered 
and untempered athermal martensite.
(3) The product is lower bainite. In their study of bainitic transformation, Bowles and 
Kennon (80) both measured bainitic habit planes and reviewed previous works on 
determination of bainitic habit planes and showed that the habit plane varies with 
transformation temperature as shown in Fig. 6.21.
Habit plane indices close to {225 }Y for the small platelets (Fig. 6.14 (b)), are located in 
the region of habit planes for lower bainite formed at 200 - 250°C. As the tempering 
temperature at which the platelets formed in the present work was 215°C, it is possible that 
this product is bainitic.
Fig. 6.21 Stereographic projection showing habit planes fo r  bainite 
relative to austenite and as a function o f formation temperature, the 




6.4 MECHANISM OF SECOND STAGE TEMPERING
The following observations and deductions about the transformation of austenite during 
the second stage of tempering have been made.
(a) Decomposition of austenite during the second stage of tempering results in formation 
of a duplex of product of (probably) ferrite and %-carbide, as proved by selected area 
electron diffraction (Subsection 6.2.2) and by transmission electron micrograph of thin 
foils (Subsection 6.2.1) and two stage gold shadowed replicas (Subsection 6.2.3).
(b) As the structure of (first) stage tempered martensite comprises low carbon martensite 
and e-carbide, it is most improbable that a ferrite - %-carbide composite product could have
formed without a nucleation process (Subsection 6.2.3).
(c) Preferred nucleation sites for the product are provided on the surfaces of first stage 
tempered plates of martensite and of pre-existing bainite (Subsections 6.1.1 and 6.2.3).
(d) Clearly, there are other preferred sites as isolated regions of product occurred within 
the untransformed austenite and adjacent to austenite grain boundaries (Subsections 6.1.1 
and 6.2.3).
(e) The reaction rate of the second stage is increased by strain (Subsection 6.1.2).
(f) Lack of geometrical surface relief associated with the transformed regions suggests that 
the austenite to ferrite part of reaction is not martensitic, and so it is concluded that the 
transformation is fully diffusional (Subsection 6.1.2). Mettam (57) determined that the 
activation energy for the second stage reaction was 127.9 kjmoH, and it therefore appears 
that the rate controlling diffusional process is diffusion of carbon in the untransformed 
austenite, for which the activation energy is 123.5 kjmoH (59).
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(g) However, there are two additional processes for transformation of austenite, at least 
one of which results in the formation of martensite (Section 6.3).
(h) The martensitic product studied by Barbaro and Kennon (7), comprises (light etching) 
martensite which, being untempered, must have formed during cooling from the tempering 
treatment and consequently cannot be properly regarded as part of the second stage 
product.
(i) The other product formed as small platelets on the sides of (first stage) tempered 
primary plates possibly by a burst process. The habit plane of these platelets was {225 }y, 
whereas the habit plane of the primary plates is {259 }y as expected for a high carbon 
austenite. The {225 }Y habit plane indicated that the platelets formed martensitically but the 
identity of the product is unclear (Section 6.3).
(j) These platelets invariably etch dark indicating that, if they are martensite, they have 
undergone first stage tempering and therefore could not have formed during cooling from 
the tempering temperature (Subsection 6.3.1).
(k) Consequently, they formed either during heating to the tempering temperature or, more 
likely, at the tempering temperature and might be similar to the 'isothermal martensite 
studied by Edwards and Kennon (81, 82).
(l) On the other hand, it is possible that the platelets are lower bainite as the habit plane 
near {225 }T is consistent with the habit plane for lower bainite formed at the tempeiatuie
of tempering (Subsection 6.3.2).
(m) Notwithstanding the uncertain identity of the platelets, it is clear that this product must 





(1) the surface relief effects associated with the product have no geometric characteristic 
that could be associated with a homogeneous shape strain and are therefore different from 
the relief effects associated with any known bainitic transformation,
(2) the many orientation variants of the carbide in the product which differs from the 
simple variant of the carbides in lower bainite, and
(3) the identification of /-carbide in the product which differs from e-carbide in lower 
bainite and in tempered martensite,
suggest that the major product of the second stage of tempering is not a lower bainite. 
Additionally, and clearly, the product could not be an upper bainite because of the much 
lower transformation temperature (200 - 300°C) for the second stage compared to that for 
the upper bainitic transformation (above 350°C). However, the minor product, comprising 
the small platelets, could be bainite or isothermal martensite.
A possible transformation process for the second stage of tempering a quenched 1.86 C 
steel, consistent with the observations made in this work, comprises two modes of 
austenite decomposition.
Mode 1 idiffnsional transformation of austenite to ferrite and y-carbide)
At temperatures above about 215°C, the major product starts to form at the inteifaces 
between austenite and (first stage tempered) martensite and between austenite and pre­
existing bainite. It also occurs adjacent to the austenitic grain boundaries and at other 
structure defects. Both x-carbide and ferrite formed by nucleation and growth. Growth 
(and further nucleation) of x-carbide is determined by diffusion of carbon in austenite and 
which occurs preferentially along structural defects such as dislocation arrays in the 
austenite. Upon reaching the end of the defects, the growth rate of a carbide decreases 
rapidly, loses the co-operation with the growth of ferrite and becomes overgrown by
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ferrite. Growth of ferrite probably is a fully diffusional process and the growth rate is also 
controlled by diffusion of carbon in austenite, presumably f&ust ahead of the advancing 
interface. .
Mode 2 (martensitic transformation of austenite to isothermal martensite or lower bainite)
The minor product forms martensitically from austenite as martensite which forms 
isothermally, possibly induced by strain due to the volume change accompanying first 
stage tempering of the (primary) martensite, or as bainite similar to lower bainite.
It would be expected that the high growth rate of the major product would result in that 
product overgrowing the minor product early in the second stage with consequent loss of 




Decomposition of austenite during second stage tempering treatments has been studied 
metallographically using a 1.86 wt% C plain carbon steel and the following conclusions 
have been drawn.
(1) Decomposition of austenite during the second stage of tempering begins at the interface 
between austenite and plates of tempered martensite and at the interface between austenite 
and pre-existing bainite. It also occurs adjacent to the austenitic grain boundaries and 
within the austenite where impurities or structure defects may assist formation of the 
product.
(2) The surface relief effects associated with thè second stage do not appear to be 
geomeuical, so that the transformation is probably not martensitic.
(3) The rate of second stage reaction affected by strain.
(4) The carbide in the diffusional product was identified as %-carbide.
(5) The %-carbide in the product appears to form directly from austenite.
(6) Nucleation and growth of the (ferrite - ^-carbide) composite occurred from preferred 
sites at the dislocation arrays and other structure defects in the austenite. The wide range of 
morphologies and many crystallographic variants of the X-carbide in the product are due to 
the effects of the structural defects in the austenite formed during and after quenching and 
of the segregation of carbon atoms to these pre-existing defects during the redistribution of
carbon atoms after quenching.
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(7) The major transformation process during the second stage is most likely neither 
martensitic nor bainitic and the product of the second stage is an aggregate of ferrite and %- 
carbide formed by nucleation and diffusional growth.
(8) Small platelets of a minor temper product formed by group burst possibly during 
heating, but more probably during holding at the second stage tempering temperature. 
Growth of platelets stopped spontaneously without impinging on other plates or grain 
boundaries.
(9) The habit planes of small platelets were found to be near {225 }Y, while those of the 
original plates of martensite in the same austenite grain were near {259}Y as expected for 
the 1.86 % C steel.
(10) These platelets may be
(a) isothermal martensite formed during heating but the origin of the {225}y habit 





8.1 Appendix I: Habit Plane Determinations
The habit planes of the primary martensite and of the platelets in the early decomposition 
product were determined by two surface analysis. The orientation of the original y  grain 
was found from measurements of traces of two non-parallel twin vestiges within the grain.
(A) Two non-parallel twins.
An austenite grain containing two non-parallel twin vestiges was selected, Fig. 8.1.
Fig. 8.1 P h o to m ic r o g r a p h  s h o w in g  o n e  s u r f a c e  th r o u g h  a n  a u s te n i te  
g r a in  c o n ta in in g  tw o  n o n - p a r a l le l  tw in s ;  1 .8 6  %  C  s t e e l  te m p e r e d  a t  
2 1 5 ° C , e tc h e d  in  a  s a tu r a te d  s o lu t io n  o f  p i c r i c  a c id  e th y l  a lc o h o l  
c o n ta in in g  a  f e w  d r o p s  o f  c o n c e n tr a te d  H C l, x 2 5 0 .
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(B) Platelets of temper product and plates of martensite
Platelets of temper product and plates of tempered original martensite selected for study 
are shown in Fig 8.2.
Fig. 8.2 Photomicrograph showing platelets o f temper product and  
plates o f tempered original martensite in a quenched 1.86 % C steel 
after 215°C 1 hour tempering; etched in a saturated solution o f picric 
acid in ethyl alcohol containing a few drops o f concentrated HCl, x500.
(C) Sharp edge
Two surfaces of polish through an appropriate part of the structure and meeting at a very 
sharp edge were prepared as shown in Fig. 8.3
The surfaces were prepared using the one direction trail polishing method developed by 
McDougall and Kennon (64).
Appendixes
117
(D) D ata of habit plane
The angles between the reference sharp edge and the traces of the twin vestiges and 
between the reference edge and the traces of the habit planes of the martensite plates and 
platelets were measured on the rotating stage of a LEITZ MM6 metallograph. The 
interfacial angle was measured using a Unicam S25 single crystal goniometer and the data 
were analysed in stereographic projection to obtain the habit planes shown in Fig. 6.12 (a 
and b).
Fig. 8.3 Photomicrograph showing a sharp edge between two 
polished surfaces; 1.86 % C steel, tempered at 215°C fo r  1 hour, 
etched in a saturated solution o f picric acid in ethyl alcohol containing 
a few  drops o f concentrated HCl, x500.
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8.2 Appendix II: Indexing of %-carbide
(A) The standard lattice parameters of monoclinic -carbide were obtained 
from 'Bainite in Steels’ (9):
a = 1,156.3 pm, b = 457.3 pm, c = 508.5 pm and P = 97.44°.
(B) The patterns, lattice vectors and angles for indexing are shown in 
F ig .6 .1 0 .
(C) The data measured from the pattern which closely around the 
transmitted spot and the data transferred from the standard parameters are 
shown in Table 8.2.
o
Table 8.2 D ata  w ith  cam era con stan t C  = 12.5  m m  A.
ri (mm) n  (mm) R = r2/ri 9 0
From pattern 2.70 3.10 1.148 89
From parameter 2.733 3.092 1.131 90
(D) Check
Generally, the criterion for indexing a structure by electron diffraction pattern is 
AR/R < 0.04, and 
A0 <2°,
where R represents vector ratio n /n  . and 0 represents the angle between the vectors r2 




ÀR/R = (1.148-1.131) / 1.131 = 0.015 < 0.04,
A0 = 90° - 89° = 1° < 2°.
Both ÀR/R and À0 are within the tolerance
Therefore, the pattern is indexed to be %-carbide.
(E) The additional spots in the electron diffraction pattern probably 
originate from ferrite and austenite as indicated in Table 8.3.
Table 8.3 C om parison  o f  rad ii m easu red  fro m  the p a tte rn  a n d  d ed u ced
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(F) No spots can be indexed as either £-carbide or 0-carbide.
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